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ABSTRACT 
Understanding the degree to which population connectivity is influenced by social 
structure, movement patterns, and management actions is important for development and 
evaluation of the impact of wildlife management strategies on wild game populations. I 
used population genetic tools to examine genetic diversity and spatial genetic structure of 
an abundant, highly vagile habitat generalist game species, the white-tailed deer 
(Odocoileus virginianus). I used both microsatellites and mitochondrial DNA sequences to 
explore the roles of proximity, landscape, and population history on genetic connectivity 
of deer at local, statewide, and regional spatial scales. At local scales, I evaluated the 
effects of spatial proximity on levels of connectivity between urban and adjacent rural deer 
populations. I found high levels of genetic similarity, suggesting that localized 
management to control densities of urban deer populations may be complicated by 
recolonization due to movement of deer from rural into urban areas. I examined the effects 
of differences in population history and management on levels of connectivity to 
understand potential for disease spread between a captive and adjacent wild deer 
population. I found high levels genetic similarity that could be attributed to numerous 
mechanisms, and therefore could not make any definitive inferences regarding the captive 
facility as a source of infection for wild deer. At a statewide level, I evaluated the 
influence of landscape factors on deer spatial genetic structure across Iowa, and found 
weak genetic structure related to landscape factors, indicating that Iowa deer are part of a 
single continuous population across the state with few limitations on movement and 
potential for disease spread. At a range-wide scale, I found an impact of historical deer 
management on broad scale population connectivity of deer across their North American 
xv 
 
 
range. Specifically, translocation efforts led to higher levels of diversity and increased 
genetic similarity between geographically distant deer populations compared to naturally 
restored populations. My results suggest that, despite their high vagility and habitat 
generalist nature, social structure, landscape characteristics, and management history all 
impact genetic structure of white-tailed deer populations at multiple spatial scales. 
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CHAPTER 1.  GENERAL INTRODUCTION 
 
White-tailed deer (Odocoileus virginianus) are a widespread cervid species found 
in North America and parts of northern South America (Heffelfinger 2011). As habitat 
generalists, they occupy a broad range of habitats extending from the northwestern 
Canadian provinces across the U.S., through Mexico and Central America to northern 
South America (Heffelfinger 2011). In agricultural regions of the Midwest U.S., deer 
have adapted to areas with few forest patches (Gladfelter 1984). In these areas, deer use 
standing corn as cover from predators (VerCauteren and Hygnstrom 1994, Vercauteren 
and Hygnstrom 1998, Grovenburg et al. 2010) and as a highly-nutritional food source 
during the winter (VerCauteren and Hygnstrom 1994).  
Like many mammals (Greenwood 1980), white-tailed deer are characterized by 
yearling male-biased dispersal (Nelson 1993, Purdue et al. 2000, Long et al. 2008) and 
female philopatry (Hawkins and Klimstra 1970, Porter et al. 1991, Mathews and Porter 
1993, Nelson and Mech 1999). As a result, young females typically remain with their 
mother for at least one year, and then establish home ranges adjacent to their mother’s 
home range (Porter et al. 1991). In general, connectivity between populations is 
maintained by male dispersal, which occurs either to avoid inbreeding or as the result of 
competition for mating opportunities (Long et al. 2008). More than half of yearling males 
disperse (Nelson 1993, Rosenberry et al. 1999, Long et al. 2005, Long et al. 2008), but 
female dispersal constituting 13–22% of dispersal events has also been reported in the 
literature (Hawkins et al. 1971, Nelson and Mech 1987, Nixon et al. 1991, Purdue et al. 
2000). Deer movement can be extensive in areas with row-crop agriculture (Nixon et al. 
2007, Kelly et al. 2010, Cullingham et al. 2011). As a result, in the Midwest agricultural 
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region, females exhibit high rates of dispersal (20–50%) [Gladfelter 1984, Nixon et al. 
1991, Clements et al. 2011, Anderson et al. 2015].  
 
Management 
Deer populations have been intensively managed since the formation of state 
wildlife agencies in the early 1900s (Adams and Hamilton 2011). At the time, changes in 
land use brought about by European settlers in combination with unrestrained hunting 
had caused sharp declines in available habitat (Laliberte and Ripple 2004). As a result, 
deer population numbers dropped from an estimated 12 million deer in 1800 in the U.S. 
and Canada to between 300,000–400,000 deer by 1900 (Adams and Hamilton 2011). 
After enactment of the Lacey Act of 1900, which banned market hunting on deer 
(McDonald and Miller 2004), and concurrent formation of state wildlife agencies that 
concentrated their efforts on deer restoration (Adams and Hamilton 2011), deer 
populations across the U.S. began to rebound. Over the course of the next 50 years, deer 
were restored across their North American range as the result of both dispersal 
movements and translocation efforts involving the movement of approximately 46,000 
deer, mostly across state lines (McDonald and Miller 2004).  
Deer are characterized by high reproductive rates and have the potential to rapidly 
increase population densities (DeYoung 2011). Nutritional status of does is directly tied 
to reproductive rates in populations (DeYoung 2011). Therefore, in areas predominated 
by highly-nutritional foodstuffs, such as those provided by row crop agriculture in the 
state of Iowa, doe fawns typically become sexually mature and does produce twins 
annually thereafter, and approximately 8–12% of Iowa does produce triplets (Stone 
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2003). High deer densities contribute to the potential for nuisance and property damage, 
and exceed carrying capacities of available habitats. Therefore, deer populations must be 
closely managed in order to prevent negative ecological, population, and societal impacts 
(Porter et al. 1991, Vercauteren and Hygnstrom 1998, Côté et al. 2004). Deer hunting by 
the public is the primary mechanism utilized by wildlife managers to control deer 
populations (Brown et al. 2000). As a result, deer are an economically important game 
species because they are avidly hunted, generating billions of dollars for the U.S. 
economy. For example, in 2011, 10.9 million Americans hunted deer, with an estimated 
economic impact of nearly $15.9 billion in trip and equipment expenditures (U.S. 
Department of the Interior et al. 2011).  
 
History and Management in Iowa 
Deer in Iowa, originally widespread in the early 1800s, became nearly extirpated 
from historic ranges by the end of the 19th Century (Stone 2003). A subsequent ban on 
hunting, translocation efforts, and deer migration from adjacent states contributed to an 
increase in the breeding population, and, by 1953, deer numbered approximately 13,000 
in Iowa (Stone 2003). Currently, Iowa deer number between 300,000–400,000 (IDNR 
2009), but density is patchily distributed among and within the state’s 99 counties (IDNR 
and IDALS 2010).  Deer are avidly hunted in Iowa, and annual reported harvests of about 
200,000 have a state-wide economic impact of approximately $510 million (IDNR 2009). 
In Iowa, all ages and both sexes of deer are hunted during several seasons in the fall and 
winter, resulting in approximately 52% of harvested deer being does (IDNR 2012c). 
Certain urban areas including state and county parks are specifically designated as Deer 
Population Management Zones (DPMZs) and are managed primarily for antlerless deer 
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harvest (IDNR 2012a). Modelling indicates that Iowa’s deer population could grow an 
average of 20–40% annually and result in the doubling of the population every three 
years in the absence of hunting pressure (ISU 1997).  
 
Use of Population Genetics to Inform Wildlife Management 
Population genetic methods are excellent tools for elucidation of historical 
influences, social structure, movement patterns, and population connectivity. The use of 
population genetic techniques to characterize white-tailed deer is powerful because 
sampling can be designed to be more even and extensive relative to field studies (Koenig 
et al. 1996, Blanchong et al. 2008, Cross et al. 2009), which are labor-intensive, limited 
by sample size, and differ in their ability to provide an adequately random sample 
(Koenig et al. 1996). Understanding movement patterns, including rate and extent of 
dispersal is important to understanding the spatial scale at which management decisions 
should be made (McCoy et al. 2005, Webb et al. 2007, Long et al. 2010, Webb et al. 
2010) and at which disease transmission (Diefenbach et al. 2008, Hygnstrom et al. 2008, 
Webb et al. 2010) and gene flow (Nelson 1993) occur.  
In this dissertation, I used population genetic tools to examine genetic diversity 
and genetic structure in white-tailed deer populations at local, statewide, and range-wide 
spatial scales. The results of this research will assist managers in identifying appropriate 
scales for deer and disease management and provide insight into how the landscape 
influences potential distances and directions of disease spread across Iowa. 
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Dissertation Organization 
Chapter 2.  Genetic Structure of White-Tailed Deer in Iowa: Implications for 
Chronic Wasting Disease Spread  
In this chapter, I used mtDNA sequences and microsatellite genotypes of deer at 
29 sites across Iowa to identify factors associated with broad-scale and local genetic 
structure. I found the influence of landscape features on gene flow was minor relative to 
the homogenizing effects of deer movement resulting in gene flow at broad spatial scales 
in Iowa. At local scales, in areas with high deer densities, unrelated individuals may have 
greater spatial overlap compared to low density areas, potentially increasing contact rates 
and disease transmission. My findings are consistent with the results of field studies 
indicating higher rates of deer movement in agricultural relative to forested and 
developed landscapes. Furthermore, my results suggest that landscape factors exert few 
limitations on deer movement and thus potentially disease spread across Iowa. 
 
Chapter 3.  Influences of Translocation on Contemporary Patterns of White-Tailed 
deer Mitchondrial DNA Diversity and Distribution Across Their North American 
Range  
 
In this chapter, I used mitochondrial DNA (mtDNA) sequences of 1,742 deer 
from 101 sites in 15 states and 2 Canadian provinces to test two hypotheses to 
characterize range-wide patterns of mtDNA sequence diversity and spatial structure: 1) 
that, due to introduction of deer from multiple, oftentimes geographically disparate 
sources, mtDNA genetic diversity would be higher in deer populations where restoration 
was human-mediated compared to areas where deer populations recovered naturally; and 
2) that, for the same reason, deer in areas restored by translocation efforts would exhibit 
6 
 
 
broad scale genetic similarity across large geographic distances. My results suggest that 
translocation efforts affected recipient populations by leading to higher levels of diversity 
over time and increased genetic similarity between geographically distant deer 
populations relative to populations that naturally restored. An understanding of the long-
term influences of translocation on genetic diversity and structure in deer across their 
range would greatly benefit from the use of additional samples and genetic markers 
incorporating male-biased gene flow.   
 
Chapter 4. Genetic Similarity of Urban and Rural White-Tailed Deer in Iowa  
As habitat generalists, deer thrive in urban environments, exhibiting low mortality 
and high fecundity resulting in rapid increases in population sizes. Overabundant 
populations of deer in urban areas pose a unique problem for managers due to their high 
potential for nuisance and social and political pressures due to the diversity of 
stakeholders involved. Deer hunting strategies can reduce such pressures by employing 
localized removal of matrilines, but such localized management is predicated on isolation 
of deer populations from immigration to maintain density reductions. I compared 
population genetic characteristics, including measures of genetic diversity and 
relatedness, and estimated genetic connectivity between urban and rural deer using 
microsatellite genotypes of deer in two urban and adjacent rural sites in Iowa. My 
findings suggest there are high rates of movement between urban and adjacent rural deer 
populations. My results suggest that the success of localized management involving 
removal of matrilines in urban areas to decrease deer densities may be counteracted by 
immigration from adjacent rural deer.  
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Chapter 5.  Genetic Similarity of Captive and Wild White-Tailed Deer in Davis 
County, Iowa  
Captive cervid facilities, many of which house white-tailed deer (Odocoileus 
virginianus), are common throughout North America. There is potential for disease 
transmission between captive and wild deer based on high captive deer densities 
promoting spread of disease within herds, and the potential for environmental 
transmission across fence lines or direct transmission resulting from ingress to or egress 
from captive facilities. I used genotypes of 56 deer (22 wild Davis County deer and 34 
captive deer) to compare levels of genetic diversity and to estimate the degree to which 
deer sampled from the Pine Ridge Hunting Preserve (PRHP) and the adjacent wild deer 
population in Davis County, Iowa, were genetically similar. I found high levels of genetic 
diversity in both populations, and captive and adjacent wild deer populations exhibited 
high levels of genetic similarity. Because there were numerous mechanisms that could be 
responsible for high levels of genetic similarity between captive and wild deer, I cannot 
make inferences about the PRHP as a possible source of CWD infection risk to wild deer.  
 
Chapter 6. General Conclusions 
 
This chapter includes general conclusions and some suggestions for future 
research. 
 
References 
Adams, K. P. and R. J. Hamilton. 2011. Management history. Pages 355-378 in D. G. 
Hewitt, editor. Biology and management of white-tailed deer. Taylor and Francis 
Group, Boca Raton, FL. 
 
8 
 
 
Anderson, C. W., C. Nielsen, and E. Schauber. 2015. Survival and dispersal of white-
tailed deer in an agricultural landscape. Wildlife Biology in Practice 11:26-41. 
 
Blanchong, J. A., M. D. Samuel, K. T. Scribner, B. V. Weckworth, J. A. Lagenberg, and 
K. B. Filcek. 2008. Landscape genetics and the spatial distribution of chronic 
wasting disease. Biology Letters 4:130-133. 
 
Brown, T. L., D. J. Decker, S. J. Riley, J. W. Enck, T. B. Lauber, P. D. Curtis, and G. F. 
Mattfeld. 2000. The future of hunting as a mechanism to control white-tailed deer 
populations. Wildlife Society Bulletin 28:797-807. 
 
Clements, G. M., S. E. Hygnstrom, J. M. Gilsdorf, D. M. Baasch, M. J. Clements, and K. 
C. Vercauteren. 2011. Movements of white-tailed deer in riparian habitat: 
implications for infectious diseases. Journal of Wildlife Management 75:1436-
1442. 
 
Côté, S. D., T. P. Rooney, J.-P. Tremblay, C. Dussault, and D. M. Waller. 2004. 
Ecological impacts of deer overabundance. Annual Review of Ecology, 
Evolution, and Systematics 35:113-147. 
 
Cross, P. C., J. Drewe, V. Patrek, G. Pearce, M. D. Samuel, and R. J. Delahay. 2009. 
Wildlife population structure and parasite transmission: implications for disease 
management. Pages 9-29 in R. J. Delahay, G. Smith, and M. R. Hutchings, 
editors. Management of disease in wild mammals. Springer, New York, New 
York. 
 
Cullingham, C. I., E. H. Merrill, M. J. Pybus, T. K. Bollinger, G. A. Wilson, and D. W. 
Coltman. 2011a. Broad and fine-scale genetic analysis of white-tailed deer 
populations: estimating the relative risk of chronic wasting disease spread. 
Evolutionary Applications 4:116-131. 
 
DeYoung, C. A. 2011. Population dynamics. Pages 147-180 in D. G. Hewitt, editor. 
Biology and management of white-tailed deer. CRC Press, New York, New York. 
 
Diefenbach, D. R., E. S. Long, C. S. Rosenberry, B. D. Wallingford, and D. R. Smith. 
2008. Modeling distribution of dispersal distances in male white-tailed deer. 
Journal of Wildlife Management 72:1296-1303. 
Gladfelter, H. L. 1984. Midwest agricultural region. Pages 427-440 in L. K. Halls, editor. 
White-tailed deer: ecology and management. Stackpole Books, Harrisburg, 
Pennsylvania. 
 
Greenwood, P. J. 1980. Mating systems, philopatry and dispersal in birds and mammals. 
Animal Behaviour 28:1140-1162. 
 
9 
 
 
Grovenburg, T. W., C. N. Jacques, C. C. Swanson, R. W. Klaver, and J. A. Jenks. 2010. 
Use of late season standing corn by female white-tailed deer in the northern Great 
Plains during a mild winter. Prairie Naturalist 42:8-18. 
 
Hawkins, R. E. and W. D. Klimstra. 1970. A preliminary study of the social organization 
of white-tailed deer. Journal of Wildlife Management 34:407-419. 
 
Hawkins, R. E., W. D. Klimstra, and D. C. Autry. 1971. Dispersal of deer from Crab 
Orchard National Wildlife Refuge. Journal of Wildlife Management 35:216-220. 
 
Heffelfinger, J. R. 2011. Taxonomy, evolutionary history, and distribution. Pages 3-39 in 
D. G. Hewitt, editor. Biology and management of white-tailed deer. CRC Press, 
Boca Raton, Florida. 
 
Hygnstrom, S. E., S. R. Groepper, K. C. VerCauteren, C. J. Frost, J. R. Boner, T. C. 
Kinsell, and G. M. Clements. 2008. Literature review of mule deer and white-
tailed deer movements in western and midwestern landscapes. Great Plains 
Research 18:219-231. 
 
IDNR. 2009. A review of Iowa's deer management program: report to the Governor and 
General Assembly, January 10, 2009. Iowa Department of Natural Resources, Des 
Moines, Iowa. 
 
IDNR. 2012a. 2012-2013 Iowa hunting and trapping regulations. IDNR, Des Moines, 
Iowa. 
 
IDNR. 2012b. Iowa deer harvest lower for sixth straight year. 
http://www.iowadnr.gov/DesktopModules/AdvancedArticles/ArticleDetail.aspx?I
temId=653&alias=www.iowadnr.gov&ModuleId=2667&TabId=530&PortalId=3. 
 
IDNR and IDALS. 2010. Chronic wasting disease response plan. IDNR and Iowa 
Department of Agriculture and Land Stewardship, Des Moines, Iowa. 
 
ISU. 1997. Managing Iowa wildlife: white-tailed deer. Iowa State University Extension, 
Ames, Iowa. 
 
Kelly, A. C., N. E. Mateus-Pinilla, M. Douglas, M. Douglas, W. Brown, M. O. Ruiz, J. 
Killefer, P. Shelton, T. Beissel, and J. Novakofski. 2010. Utilizing disease 
surveillance to examine gene flow and dispersal in white-tailed deer. Journal of 
Applied Ecology 47:1189-1198. 
 
Koenig, W. D., D. Van Vuren, and P. N. Hooge. 1996. Detectability, philopatry, and the 
distribution of dispersal distances in vertebrates. Trends in Ecology & Evolution 
11:514-517. 
 
10 
 
 
Laliberte, A. S. and W. J. Ripple. 2004. Range contractions of North American 
carnivores and ungulates. BioScience 54:123-138. 
 
Long, E. S., D. R. Diefenbach, C. S. Rosenberry, and B. D. Wallingford. 2008. Multiple 
proximate and ultimate causes of natal dispersal in white-tailed deer. Behavioral 
Ecology 19:1235-1242. 
 
Long, E. S., D. R. Diefenbach, C. S. Rosenberry, B. D. Wallingford, and M. D. Grund. 
2005. Forest cover influences dispersal distance of white-tailed deer. Journal of 
Mammalogy 86:623-629. 
 
Long, E. S., D. R. Diefenbach, B. D. Wallingford, and C. S. Rosenberry. 2010. Influence 
of roads, rivers, and mountains on natal dispersal of white-tailed deer. Journal of 
Wildlife Management 74:1242-1249. 
 
Mathews, N. E. and W. F. Porter. 1993. Effect of social structure on genetic structure of 
free-ranging white-tailed deer in the Adirondack Mountains. Journal of 
Mammalogy 74:33-43. 
 
McCoy, J. E., D. G. Hewitt, and F. C. Bryant. 2005. Dispersal by yearling male white-
tailed deer and implications for management. Journal of Wildlife Management 
69:366-376. 
 
McDonald, J. S. and K. V. Miller. 2004. A history of white-tailed deer restocking in the 
United States 1878 to 2004. 2nd edition. D.B. Warnell School of Forest 
Resources, Athens, Georgia. 
 
Nelson, M. E. 1993. Natal dispersal and gene flow in white-tailed deer in northeastern 
Minnesota. Journal of Mammalogy 74:316-322. 
 
Nelson, M. E. and L. D. Mech. 1987. Mammalian dispersal patterns: the effects of social 
structure on population genetics. Pages 27-40 in B. D. Chepko-Sade and Z. T. 
Halpin, editors. Mammalian dipsersal patterns. University of Chicago Press, 
Chicago, Illinois. 
 
Nelson, M. E. and L. D. Mech. 1999. Twenty-year home range dynamics of a white-
tailed deer matriline. Canadian Journal of Zoology 77:1128-1135. 
 
Nixon, C. M., L. P. Hansen, P. A. Brewer, and J. E. Chelsvig. 1991. Ecology of white-
tailed deer in an intensively farmed region of Illinois. Wildlife Monographs 
118:3-77. 
 
Nixon, C. M., P. C. Mankin, D. R. Etter, L. P. Hansen, P. A. Brewer, J. E. Chelsvig, T. L. 
Esker, and J. B. Sullivan. 2007. White-tailed deer dispersal behavior in an 
agricultural environment. American Midland Naturalist 157:212-220. 
 
11 
 
 
Porter, W., N. Mathews, H. Underwood, R. Sage, and D. Behrend. 1991. Social 
organization in deer: implications for localized management. Environmental 
Management 15:809-814. 
 
Purdue, J. R., M. H. Smith, and J. C. Patton. 2000. Female philopatry and extreme spatial 
genetic heterogeneity in white-tailed deer. Journal of Mammalogy 81:179-185. 
 
Rosenberry, C. S., R. A. Lancia, and M. C. Conner. 1999. Population effects of white-
tailed deer dispersal. Wildlife Society Bulletin 27:858-864. 
 
Stone, L. 2003. Whitetail: treasure, trophy or trouble? A history of deer in Iowa. Iowa 
Department of Natural Resources, Des Moines, Iowa. 
 
U.S. Department of the Interior, U.S. Fish and Wildlife Service, U.S. Department of 
Commerce, and U.S. Census Bureau. 2011. National survey of fishing, hunting 
and wildlife-associated recreation. Washington, D.C. 
 
VerCauteren, K. C. and S. E. Hygnstrom. 1994. A review of white-tailed deer movements 
in the Great Plains relative to environmental conditions. Great Plains Research 
4:117-132. 
 
Vercauteren, K. C. and S. E. Hygnstrom. 1998. Effects of agricultural activities and 
hunting on home ranges of female white-tailed deer. Journal of Wildlife 
Management 62:280-285. 
 
Webb, S. L., S. Demarais, and D. G. Hewitt. 2010. Size of home ranges and movements 
determine size and configuration of management units and potential spread of 
disease in white-tailed deer (Odocoileus virginianus). Southwestern Naturalist 
55:488-492. 
 
Webb, S. L., D. G. Hewitt, and M. W. Hellickson. 2007. Scale of management for mature 
male white-tailed deer as influenced by home range and movements. Journal of 
Wildlife Management 71:1507-1512. 
 
12 
 
1
Department of Natural Resource Ecology and Management, Iowa State University, 
Ames, IA  50011, USA 
 
2
Department of Animal Sciences, 202 Gerlaugh Hall, The Ohio State University, 
Wooster, OH  44691, USA 
CHAPTER 2.  GENETIC STRUCTURE OF WHITE-TAILED DEER IN IOWA: 
IMPLICATIONS FOR CHRONIC WASTING DISEASE SPREAD 
 
To be modified and submitted to Journal of Mammalogy. 
Lynne C. Gardner Almond
1
, Whitney N. Briggs
2
, and Julie A. Blanchong
1 
 
Abstract 
White-tailed deer (Odocoileus virginianus) are an economically and aesthetically 
important game species. Deer also carry diseases, such as chronic wasting disease 
(CWD), a transmissible fatal prion disease of cervid species. We used mtDNA sequences 
and microsatellite genotypes of deer at 29 sites across Iowa to identify factors associated 
with broad-scale and local genetic structure. We found weak genetic structure related to 
landscape factors, including forest, development and ecoregion, indicating that Iowa deer 
are part of an extensive, continuous population across the state. Although we detected 
male-biased dispersal, there was genetic homogenization at broad scales resulting from 
gene flow of both sexes. At local scales, there was a decrease in proportion of highly 
related individuals with increased deer density within sampling sites and 3-fold higher 
genetic similarity between pairs of deer in the mtDNA marker than in microsatellites, 
indicating local genetic structuring along female matrilines and potential admixture of 
unrelated individuals, either from differences in social structure related to the effects of 
density or spatial overlap of matrilines within sites due to high deer densities. We found 
the influence of landscape features on gene flow is minor relative to the homogenizing
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effects of deer movement resulting in gene flow at broad spatial scales in Iowa, some of 
which is attributable to male-biased dispersal. At local scales, in areas with high deer 
densities, unrelated individuals may overlap at local scales, increasing contact rates and 
potential for disease transmission within sites. Our findings validate the results of field 
studies indicating higher rates of movement in agricultural relative to forested and 
developed landscapes by finding that, in a primarily row-crop agricultural state, 
landscape factors play a minor role in influencing levels of gene flow. Furthermore, our 
results may suggest that landscape factors exert few limitations on the potential for 
spread from future areas of disease concentration across broad spatial scales in Iowa. 
 
Introduction 
White-tailed deer (Odocoileus virginianus) are a generalist species that is widely 
distributed across North America, throughout Central America, and into northern South 
America. In areas with thriving deer populations, they provide both aesthetic and 
economic benefits, including the recreational value of hunting and wildlife viewing as 
well as cultural value as a historical icon (Conover 2011). Deer hunting is also an 
important wildlife management tool for population control (Grear et al. 2006). Deer are 
hosts of and vectors for numerous diseases of socioeconomic impact (Campbell and 
VerCauteren 2011), one of which is chronic wasting disease (CWD). CWD is a directly 
and indirectly transmitted fatal prion disease found in free-ranging and captive cervids in 
24 states and 3 Canadian provinces (Miller and Fischer 2016). Prevalence of CWD is 
steadily increasing in several states where it is widespread among cervids, including 
Colorado, Wyoming, Wisconsin, and Illinois (Almberg et al. 2011). CWD has many 
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potential negative effects, such as reduced recruitment (Dulberger et al. 2010, Blanchong 
et al. 2012) and population decline (Joly et al. 2003, Rolley 2005, Miller et al. 2008, 
Dulberger et al. 2010, Sargeant et al. 2011, Monello et al. 2014, Edmunds et al. 2016). 
For example, populations of mule deer (O. hemionus), elk (Cervus elaphus), and white-
tailed deer exhibited declines due to the additive mortality effect of CWD infection 
(Miller et al. 2008, Sargeant et al. 2011, Monello et al. 2014, Edmunds et al. 2016). 
Specifically, CWD infections of mothers may negatively affect recruitment in mule and 
white-tailed deer (Dulberger et al. 2010, Blanchong et al. 2012), and CWD-positive deer 
can also be more vulnerable to predation (Miller et al. 2008, Krumm et al. 2010), vehicle 
collisions (Krumm et al. 2005), and hunting (Conner et al. 2000, Edmunds et al. 2016). 
After CWD is discovered in a region, decreased hunter participation can profoundly 
impact state revenues (Joly et al. 2003, Rolley 2005). For example, the discovery of 
CWD in Wisconsin in 2002 resulted in a decrease in hunting license sales that caused the 
loss of wildlife management revenue in the amount of > $3–5 million (Bishop 2004, 
Heberlein 2004), and an estimated loss of state revenues of $33–55 million (Bishop 
2004). The potential for the presence of CWD in state deer populations to inflict such 
economic harm and the socio-cultural importance of deer and wildlife health have made 
the reduction of CWD prevalence and prevention of its spread a wildlife management 
priority.  
Managing the spread of CWD in deer populations requires an understanding of 
the influence of social structure and dispersal patterns of deer on disease dynamics. CWD 
prevalence and transmission are intimately tied to social structure and movement patterns 
in cervids (Conner et al. 2008, Grear et al. 2010). CWD is transmitted both horizontally 
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and vertically (Nalls et al. 2013), and environmental transmission (Williams et al. 2002, 
Miller et al. 2004, Schramm et al. 2006, Jennelle et al. 2009, Nichols et al. 2009, O'Hara 
Ruiz et al. 2013, Nichols et al. 2015, Pritzkow et al. 2015, Zabel and Ortega 2017) plays 
an important role in the maintenance and amplification of CWD infections in deer 
populations (Almberg et al. 2011). Female philopatry encourages spatial proximity of 
related deer (Hawkins and Klimstra 1970, Porter et al. 1991, Nelson and Mech 1999), and 
contacts within social groups are considered to be an important mechanism for local 
concentration of disease (Miller and Conner 2005, Blanchong et al. 2007, Kjær et al. 
2008, Grear et al. 2010, Miller et al. 2010, Magle et al. 2013). In contrast to females, 
males are the primary dispersers (Nelson and Mech 1987, Nixon et al. 1991), and may be 
more likely to facilitate the spread of disease across larger spatial scales than females 
(Kelly et al. 2010, Cullingham et al. 2011a, Cullingham et al. 2011b, Kelly et al. 2014). 
However, dispersal rates of both sexes differ depending upon habitat types. For example, 
higher rates of dispersal (20–50%) have been reported for female deer in agriculturally 
intensive landscapes (Nixon et al. 1991, Clements et al. 2011, Anderson et al. 2015) 
compared to those (13–22%) in forested and riparian landscapes (Hawkins et al. 1971, 
Nelson and Mech 1987, Purdue et al. 2000). As amount of forest cover increases, 
dispersal rates of yearling male and female fawns decrease (Nixon et al. 2007) and 
dispersal distances of yearling males decrease (Long et al. 2005, Nixon et al. 2007), along 
with risk of CWD infection (Evans et al. 2016). Therefore, deer dispersal from areas of 
high deer density and CWD concentration, such as those found in riparian areas 
surrounded by agriculture (Nobert et al. 2016), may be associated with disease 
transmission to new areas.  
16 
 
 
1
6
 
Landscape genetic methods can be used to measure levels of deer population 
structure at broad and fine scales in order to identify factors likely to affect disease 
transmission and spread. Several recent studies have documented weak genetic structure 
in deer, suggesting that CWD could potentially spread across large spatial scales (Kelly et 
al. 2010, Cullingham et al. 2011a, Rogers et al. 2011, Robinson 2012, Kelly et al. 2014). 
In some cases, landscape features, including rivers (Blanchong et al. 2008, Robinson et 
al. 2012, Robinson et al. 2013), mountain ranges (Cullingham et al. 2011a), roads (Kelly 
et al. 2010, Robinson et al. 2012, Robinson et al. 2013), and urban areas (Kelly et al. 
2010) have been identified to reduce but not prevent gene flow, and therefore such 
landscape features may slow but not preclude spread of CWD. For example, deer in 
northeastern Iowa-southwestern Wisconsin on either side of the Mississippi River were 
found to be weakly genetically different, suggesting that rates of gene flow across the 
river are high enough to keep deer populations strongly genetically connected and that 
the river was therefore unlikely to impede the spread of CWD between states (Lang and 
Blanchong 2012). 
In Iowa, deer are highly abundant, numbering between 300–400,000 (IDNR 
2009). They are avidly hunted, and annual reported harvests of about 200,000 have a 
state-wide economic impact of approximately $510 million (IDNR 2009). The intensive 
row crop agriculture that comprises a large proportion of the Iowa landscape likely 
promotes deer dispersal across large spatial scales (Brinkman et al. 2005, Nixon et al. 
2007) and spatial overlap of deer when aggregating in crops (Kjær et al. 2008, 
Silbernagel et al. 2011), both of which could contribute to spread of CWD. Accordingly, 
the potential for spread of CWD and other diseases among deer is great in Iowa’s 
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agricultural landscape. Moreover, the six states surrounding Iowa have identified CWD 
in wild deer. CWD positive deer have been detected in spatially disjunct areas in Iowa; 
they were first detected in 3 captive deer facilities in 2012 and subsequently detected in 
hunter harvested deer in northeast Iowa in 2014. Therefore, identification of the factors 
that influence population genetic structure may aid in identifying the landscape features 
likely to be important in local transmission and spatial spread of disease. In this study, we 
used a genetic approach to reconstruct deer population structure. To identify factors that 
might influence the dispersal of infected deer, we evaluated the influence of landscape 
features on genetic structure across Iowa. Additionally, we tested for sex differences in 
population genetic structure. At a finer scale, we tested for associations between the 
proportion of highly related individuals and landscape features to identify factors likely to 
affect disease transmission and prevalence.   
 
Methods 
Sample Collection 
The Iowa Department of Natural Resources (IDNR) collects samples from 4,000–
5,000 hunter-harvested deer annually as a part of CWD surveillance efforts. We acquired 
white-tailed deer tissue samples (lymph nodes) from deer collected by the IDNR during 
2010–2014. In addition to sex and age (fawn, yearling, adult), spatial location 
information collected provided resolution to the section level (i.e., 2.6 km
2
). Iowa spans 
three ecoregions (Northern Tallgrass Prairie in the northwestern and north central portion, 
Central Tallgrass Prairie in the bottom half of the state, and Prairie-Forest Border in the 
northeast) [TNC Conservation Science Division 2001]. The state predominantly consists 
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of row crop agriculture (68.3%) with a much smaller amount of forested (9.2%) and 
developed (6.4%) land. Forested areas are primarily concentrated in the northeastern 
portion of the state along the Mississippi River, while row crop agriculture is 
concentrated in north central and central Iowa. To characterize genetic structure across 
Iowa, we selected sample sites across the state spanning all ecoregions and landscape 
features of interest (forest, agriculture, water, and development). This resulted in 29 
sampling sites distributed across Iowa (a 169,219.7 km
2
 area) that ranged in area from 
89.9–643.1 km2 (mean 602.4 ± 158.4 km2 (SE); Figure 2-1). Because female deer tend to 
be philopatric and therefore better reflect local population genetic structure than males, 
when possible, we used samples from female deer.  
 
Laboratory Methods for Microsatellites 
Genomic DNA was extracted from lymph nodes using the phenol:lysis buffer 
method (Longmire et al. 1997). We genotyped 13–55 deer from 29 sampling sites, 
totaling 688 deer across Iowa (486 females and 202 males) [mean ± SD: 23.7 ± 9.6]. 
Deer were genotyped at 9 dinucleotide microsatellite loci (BM4107, BM6438, 
OarFCB193 (Talbot et al. 1996), N (Anderson et al. 2002), Cervid1 (DeWoody et al. 
1995), RT7, RT9, RT23 and RT27 (Wilson et al. 1997)). Multiplex PCR reaction 
volumes were 25 µl and consisted of 1.75 µl of GeneAmp® 10X PCR Buffer and 0.3 µl 
(5 units/µl) Amplitaq® DNA polymerase (Applied Biosystems, Carlsbad, CA, USA), 2 
µl each of 10 mM fluorescently labeled forward and reverse primers, 2.5 µl of 2.5 mM 
dNTPs, and 2.5 µl  25 mM MgCl2  (BM6438, Cervid1, and OarFCB193) or 3.5 µl 25 mM 
MgCl2  (BM4107 and RT7; RT9, RT23, and RT27) or 4.5 µl 25 mM MgCl2  (N), and 2 µl 
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of DNA at a working concentration of 25 ng/µl. PCR amplifications occurred in an 
Eppendorf® MasterCycler® Pro Thermal Cycler (Eppendorf, Hamburg, Germany). The 
thermal profile consisted of a denaturation step of 95
o
 C for 5 min followed by 35 cycles 
of amplification consisting of a denaturation step of 95
o
 C for 15 sec, a primer annealing 
step at 58 
o
 C (BM6438, Cervid1, OarFCB193, BM4107, RT7, and N) or 54
 o
 C (RT9, 
RT23, and RT27) for 30 sec, and an extension step of 72
o
 C for 1 min. This was followed 
by a final extension step at 72
o
 C for 2 min (primer N) or 45 min (all others). To ensure 
uniform allele scoring, we included six positive controls for each PCR reaction. 
Fluorescently labeled fragments were visualized on an ABI 3730 DNA Analyzer 
(Applied Biosystems, Carlsbad, CA, USA) at the Iowa State University (ISU) Office of 
Biotechnology’s DNA Facility, and scored using GeneMarker v. 1.91 software 
(SoftGenetics®, State College, PA, USA).  
 
Laboratory Methods for Mitochondrial DNA 
We sequenced a 507-base pair portion of the d-loop (control region) of the 
mitochondrial DNA (mtDNA) for 5–53 deer from 28 of 29 sampling sites, for a total of 
558 deer (374 females and 184 males) [mean ± SD: 19.9 ± 8.6] using PCR primers 
(forward: 5’-TCT CCC TAA GAC TCA AGG AAG -3’, reverse: 5’- GTC ATT AGT 
CCA TCG AGA TGT C-3’; Miyamoto et al. 1990) [Genbank Accession M35874]. PCR 
reaction volumes were 25 µl and consisted of 12.5 µl of MyTaq
TM
 Red Mix (Bioline, 
London, UK), 1 µl each of 10 mM forward and reverse primers, and 2 µl of DNA at a 
working concentration of 25 ng/µl. We purified PCR products using ExoSAP-IT® PCR 
Product Cleanup (Thermo Fisher Scientific, Santa Clara, CA, USA) according to the 
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manufacturer’s instructions. The sequencing reaction was carried out using the reverse 
primer and fluorescently labeled dNTPS and using capillary electrophoresis on an ABI 
3730xl DNA Analyzer at the ISU Office of Biotechnology’s DNA Facility. We 
sequenced 14 individuals in both directions (F and R) to verify that the targeted sequence 
was being amplified. Sequence data were visualized in Sequence Scanner v 2.0 (Applied 
Biosystems, Carlsbad, CA, USA) and edited by eye. Sequences were aligned using 
ClustalW (Thompson et al. 1994, 1997) in MEGA v.5 software (Tamura et al. 2007, 
Kumar et al. 2008) along with known sequences from previous work (Lang and 
Blanchong 2012). Unique sequences were assigned haplotypes in GenAlEx v.6.502 
(Peakall and Smouse 2006, 2012).  
 
Summary Statistics 
To assess microsatellite data quality, we estimated locus-specific frequencies of 
null alleles and tested loci for allelic dropout and scoring errors using Micro-Checker   
2.2.3 software (Van Oosterhout et al. 2004, 2006). We re-genotyped 10% of our samples 
at each locus to estimate an overall genotyping error rate for the study. To evaluate the 
power of our microsatellite loci to identify individuals, we calculated Probability of 
Identity statistics (Paetkau and Strobeck 1994, Evett and Weir 1998, Waits et al. 2001) 
using GenAlEx 6.501 software.  
We calculated measures of diversity for the microsatellite loci, including observed 
(Hobs) and expected (Hexp) heterozygosity (Hedrick 2005b) and their standard errors for 
all samples combined and for deer in each of the 29 sampling sites in GenAlEx 6.501. 
Tests for conformity of each locus to Hardy-Weinberg Equilibrium for deer in each 
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sampling site were performed using exact tests in GENEPOP 4.6.9 (Rousset 2008). 
Calculation of linkage disequilibrium in each sampling site was performed using exact 
tests in Arlequin 3.5 software (Excoffier and Lischer 2010). Resulting p-values were 
adjusted using a sequential Bonferroni correction for multiple tests (Rice 1989). Allelic 
richness (number of alleles per locus weighted by sample size) was calculated for deer in 
each sampling site using Fstat 2.9.3 (Goudet 1995). For each sampling site, we calculated 
inbreeding coefficients (FIS) and their standard errors by jackknifing over loci, then tested 
for values that were significantly different from zero by performing 1,000 permutations 
of individuals and genes within locations using SPAGeDi 1.5a software (Hardy and 
Vekemans 2002). All files were converted to appropriate format using Convert 1.31 
(Glaubitz 2004). We calculated measures of diversity for the sequenced portion of the 
mtDNA d-loop. Haplotype (H) and nucleotide (π) diversity were calculated for all 
samples combined and for deer within each site in DNAsp 5.10 (Librado and Rozas 
2009).  
 
Broad Scale Population Genetic Structure 
To estimate genetic structure across study sites, we estimated the genetic distance 
between all pairs of sampling sites using F’ST  (Hedrick 2005a, Meirmans 2006) for the 
microsatellite data, with and without males to ensure that differences in numbers of males 
across study sites were not biasing our results. FST was originally developed to measure 
differentiation in a biallelic system which results in a range from 0 (no fixation of alleles 
and no population structure) to 1 (fixation of alternate alleles; complete population 
genetic differentiation) [Meirmans and Hedrick 2011]. Therefore, interpretation of FST 
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values calculated using highly polymorphic markers such as microsatellites that possess 
multiple alleles per locus can be challenging, as the maximum value for FST is really 
much lower than 1 (Meirmans and Hedrick 2011). F’ST corrects this issue by allowing for 
comparison among markers by correcting pairwise FST based on the maximum value of 
FST in the dataset (Meirmans and Hedrick 2011). We estimated F’ST microsatellite genetic 
differentiation between sampling sites (Hedrick 2005a, Meirmans 2006) in GenAlEx 
6.502. We calculated pairwise FST (Weir and Cockerham 1984) between sites using Fstat 
2.9.3. We estimated mtDNA genetic distance between all pairs of sampling sites using 
ϕ’PT, a standardized distance analog of F’ST (Meirmans 2006, Peakall and Smouse 2012) 
for the mtDNA data, with and without males calculated in GenAlEx 6.502. We calculated 
pairwise ϕST among sites using Arlequin 3.5 software. We used the F’ST and ϕ’PT genetic 
distances to test for isolation by distance using a Mantel test with 999 permutations 
(Mantel 1967) with and without males performed using the program PASSaGE 2 
(Rosenberg and Anderson 2011).  
We tested for the scale of spatial autocorrelation between study sites by 
estimating Moran’s I (Moran 1950) with 95% confidence intervals for both microsatellite 
and mtDNA data  in SPAGeDi 1.5a. We used binned inter-individual distance classes 
based on centroids of each sampling site, and set the distance intervals equivalent to the 
minimum distance between sampling sites (38.1 km). We performed 999 permutations to 
create 95% confidence intervals around the null hypothesis of Moran’s I = 0 to test 
whether Moran’s I values were significantly greater than expected at each distance class.  
 Hierarchical Analyses of Molecular Variance AMOVAs (Excoffier et al. 1992) 
were conducted using 999 permutations of the data in GenAlEx 6.502 to test for 
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microsatellite and mtDNA genetic differentiation due to landscape factors. An ecoregion 
shapefile was downloaded from The Nature Conservancy website 
(http://maps.tnc.org/gis_data.html) [TNC 2001], and the membership of each sampling 
site in one of the three ecoregions across Iowa (Northern Tallgrass Prairie, Central 
Tallgrass Prairie, or Prairie-Forest Border; Figure 2-2) was recorded. We tested for 
genetic differentiation among sites with and without males based on location relative to 
Interstates 35 and 80, the two major highways in Iowa running north-south and east-west, 
respectively, or within an ecoregion, as one way to determine if these landscape factors 
were significantly associated with spatial genetic structure in deer. We also used partial 
Mantel tests (with and without males) controlling for geographic distance to determine 
whether the location of sites: a) east or west of I-35; b) north or south of I-80; and c) in 
the same or different ecoregions, was significantly related to observed microsatellite and 
mtDNA genetic distance using the program PASSaGE 2.  
To calculate landscape predictor variables, we downloaded the 2014 land use/land 
cover raster file from USDA National Agricultural Statistics Service 
(http://nassgeodata.gmu.edu/CropScape/) and imported it into ArcMap 10.1 software 
(ESRI 2011). We reclassified land use/land cover categories into six major categories 
(developed, row crop agriculture, other agriculture, forest, grassland, and water; Figure 2-
1), then drew transect lines connecting each of the sampling site centroids to each of the 
28 other sampling site centroids in a straight-line distance using ArcMap 10.1 software 
(ESRI 2011). We drew a 10 km buffer around each transect (Kelly et al. 2014), and 
clipped the land use/land cover shapefile within that buffer in order to calculate the 
percent area of each of the six major land use/land cover categories (development, row 
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crop agriculture, other agriculture, forest, grassland, and water). We analyzed these 
factors associated with mtDNA and microsatellite genetic distance. A priori examination 
of independent predictor variables for collinearity using variance inflation factors 
identified that the proportion of row crop agriculture was correlated with amount of 
development (r = -0.766) and amount of forest (r = -0.487). We therefore elected to 
exclude amount of row crop agriculture from our analysis. We square-root transformed 
the mtDNA genetic distance response variable to control for outliers and normalize 
residuals. To test multiple predictors of microsatellite (F’ST ) and mtDNA (ϕ’PT) genetic 
distance (with and without males) between sites, we performed multiple linear regression 
on matrices (MRM) [Lichstein 2007] including landscape matrices as well as a natural 
log-transformed geographic distance matrix as predictor variables. We evaluated 32 
possible models of different combinations of the following explanatory variables: percent 
of grassland, forest, development, and water, as well as geographic distance. We used an 
information theoretic approach (Akaike’s Information Criteria (AICc) for small sample 
sizes) [Hurvich and Tsai 1989] implemented in the ecodist package (Burnham and 
Anderson 2002, Goslee and Urban 2007) in R software 3.2.2 (R Development Core Team 
2015) to select the most parsimonious models by ranking alternative models using the 
selection criteria of ∆AICc ≤ 2 and then performed model averaging (Burnham and 
Anderson 2002). As another method to determine whether landscape variables were 
significantly related to observed mtDNA and microsatellite genetic distance, we 
conducted partial Mantel tests (with and without males) controlling for geographic 
distance using the program PASSaGE 2.  
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Differences in Genetic Structure of Males and Females 
Uniparental inheritance of mtDNA resulting in 25% of the effective size of 
biparentally inherited nuclear loci and the lack of recombination in mtDNA both lead to 
the expectation that mtDNA loci will exhibit greater genetic differentiation relative to 
microsatellite loci as the result of their increased susceptibility to genetic drift (Avise 
1995). Male-biased dispersal can also result in greater genetic differentiation in mtDNA 
loci than in nuclear loci because mtDNA is maternally inherited. Comparison of levels of 
genetic differentiation of mitochondrial to nuclear loci therefore provides the ability to 
indirectly test for sex-biased dispersal (Hamilton and Miller 2002). To test for sex-biased 
dispersal among study sites, we followed the protocol outlined in Lang and Blanchong 
(2012) by transforming variable sites in single mtDNA sequences into a series of “loci”. 
We then calculated observed FST for both mtDNA and nuclear data using SPAGeDi 1.5a. 
To calculate expected FST for the mtDNA, we converted observed microsatellite FST into 
an expected FST for mtDNA using the equation FST(mtDNA) = 4   FST(nuclear)/ [1 + 3   
FST(nuclear)], and compared observed FST for mtDNA with the calculated expected FST for 
mtDNA (Crochet 2000). Associated 95% confidence intervals were derived from 
standard errors of the mean by jackknifing over loci (Quenouille 1956). If observed FST 
for mtDNA was greater than the expected FST for mtDNA and there was no overlap of 
95% confidence intervals, then we attributed this significant difference to male-mediated 
gene flow in microsatellite markers (Hamilton and Miller 2002).  
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Local Scale Population Genetic Structure 
We tested for the scale of spatial autocorrelation within study sites by estimating 
Moran’s I (Moran 1950) with 95% confidence intervals for both microsatellite and 
mtDNA data in SPAGeDi 1.5a. We set the distance intervals equivalent to the minimum 
spatial resolution of a sample which was the length of a section (2.6 km
2
). We performed 
999 permutations to create 95% confidence intervals around the null hypothesis of 
Moran’s I = 0. Moran’s I values that were outside the 95% confidence interval of the null 
hypothesis were considered significant.  
To identify factors related to fine scale genetic structure of deer within sampling 
sites, the percent area of six landscape categories (developed, row crop agriculture, other 
agriculture, forest, grassland, and water) within each of the 29 sampling sites was 
calculated using ArcMap 10.1 software (ESRI 2011). We also obtained estimates of deer 
density/mi
2
 in each county based on population models using 2015 hunter harvest records 
(Tyler Harms, Iowa Department of Natural Resources, personal communication). We 
then converted deer density into number of deer per km
2
, and also created a hunting 
pressure variable (quantified as the number of deer killed/km
2
) for each site. Because 
social structure of deer includes female philopatry resulting in the spatial aggregation of 
related females, we quantified genetic structure as the proportion of highly related pairs 
of deer (Rxy > 0.25) within a site, with and without males (Queller and Goodnight 1989). 
We used linear regression to test for relationships between genetic structure within a 
sampling site (proportion of highly related pairs of deer within a site weighted by the 
inverse of the sample size) and the predictor variables described above as well as 
ecoregion using R software 3.2.2 (R Development Core Team 2015). In our analysis of 
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factors associated with the proportion of highly related individuals in a sampling site, a 
priori examination of independent predictor variables for collinearity indicated that deer 
density and hunting pressure were highly positively correlated (r = 0.94). We also found 
that the proportion of forest cover was negatively correlated with the proportion of row 
crop agriculture within a site (r = -0.73). We elected to include deer density and forest 
cover in our analysis. The distribution of forest cover was highly skewed so we converted 
it to a categorical variable (low = <10%; medium = 12-19%; high = 21–50%). There 
were only 2 of 29 sites that included cities, so we changed the development variable to a 
binary (YES: >10% development; NO: < 10% development) variable. We evaluated 32 
possible models of different combinations of the following explanatory variables: percent 
of grassland, forest (categorical), development (binary), deer density (deer/km
2
), and 
ecoregion. The fit of the resulting models was evaluated using an information theoretic 
approach (AIC) implemented in the ecodist package in R software 3.2.2. We selected the 
most parsimonious models fitting the data by ranking alternative models using AICc 
(Hurvich and Tsai 1989) using selection criteria of ∆AICc ≤ 2 and performed model 
averaging on the selected models (Burnham and Anderson 2002).  
 
Results 
Summary Statistics 
For microsatellite loci, we detected no errors due to scoring or allelic dropout. We 
found null alleles at the Cervid1 and RT9 loci at p < 0.05 frequency. However, our mean 
null allele frequency for the dataset (0.012 ± 0.021 (SD)) was well below the threshold of 
0.19 previously found to significantly underestimate Hexp (Chapuis et al. 2008). 
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Therefore, we chose to include these loci in all of our analyses. Based on rerunning 10% 
of our samples, we calculated an overall genotyping error rate for the dataset of 2.3%. 
Our calculated Probability of Identity accounting for the presence of siblings in the 
dataset was 2.8 x 10
-5
. 
We found an overall mean observed (Hobs) heterozygosity of 0.862 ± 0.03 (SD) 
[range: 80.9–92.6] and an overall mean expected (Hexp) heterozygosity of 0.881 ± 0.01 
(SD) [range: 87.0–89.6] (Table 2-1). We detected deviation from expectations of Hardy-
Weinberg Equilibrium (χ2 = infinity; df = 18; p < 0.0001) in Site 13, which was the result 
of the N locus showing a deficit in heterozygosity (Hobs: 0.682; Hexp: 0.892) at that 
sampling site. To assess the impact of this deficit on our results, we calculated measures 
of diversity without the N locus. We found no statistically significant differences between 
mean allelic richness with (8.3 ± 0.8; 95% CI: 7.7–8.8) and without (8.2 ± 0.8; 95% CI: 
7.6–8.7) at the N locus. We found no statistically significant difference in mean overall 
Hobs with (0.862 ± 0.030; 95% CI: 0.851–0.874) or without males (0.860 ± 0.030; 95% 
CI: 0.848–0.872) at the N locus, nor in mean FIS with (0.023 ± 0.031; 95% CI: 0.012–
0.035) or without males (0.022 ± 0.034; 95% CI: 0.010–0.034) at the N locus. We 
therefore concluded that the heterozygote deficiency in the N locus at Site 13 did not 
impact our overall results. After Bonferroni correction, we detected significant linkage 
disequilibrium (LD) in 2 pairs of loci at 2 sites (Site 9: Cervid1–BM4107; Site 17: RT9–
RT27; p < 0.0002). Given that these loci were not in LD at multiple sites and have not 
been identified as linked in other studies (Wilson et al. 1997, Lang and Blanchong 2012), 
it is more likely that the LD in these two instances is the result of genetic structuring 
rather than true linkage between loci (Robinson et al. 2012). Our calculated allelic 
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richness values ranged from 7.7–8.5 alleles per locus (mean ± SD: 8.1 ± 0.2) [Table 2-1]. 
We found values of FIS that ranged from -0.050–0.074 (mean ± SD: 0.023 ± 0.031) 
[Table 2-1]. 
For the 507 base pairs of mtDNA sequenced, we identified 91 polymorphic sites 
and 3 instances of insertion/deletions. In total, we identified 58 mtDNA haplotypes, 18 of 
which occurred in only one deer. Of the 58 haplotypes, 33 were previously identified in 
northeastern Iowa and/or southwestern Wisconsin (Lang and Blanchong 2012). Mean 
haplotype diversity was 0.953 ± 0.003 (SD) [range: 0.700–0.989] and mean nucleotide 
diversity was 0.027 ± 0.004 (SD) [range: 0.017–0.033] (Table 2-2).  
 
Broad Scale Population Genetic Structure 
For microsatellites, we found a pairwise F’ST between sampling sites that ranged 
from 0.000–0.343 (Appendix A) [FST ranged from 0.000–0.022; Appendix B], and from 
0.000–0.377 without males (FST ranged from 0.000–0.037). For mtDNA, pairwise ϕ’PT 
between sites ranged from 0.000–0.356 (Appendix C) [ϕST ranged from 0.000–0.182; 
Appendix D], and from 0.000–1.000 without males (ϕST ranged from 0.000–0.316). We 
found a small but statistically significant correlation between genetic distance and natural 
log transformed geographic distance (isolation by distance) in mtDNA (r = 0.145; p = 
0.018) and microsatellites (r = 0.165; p = 0.004), which remained significant when males 
were removed. For mtDNA, sampling sites separated by up to 38.1 km (the minimum 
distance between sites) exhibited statistically significant positive autocorrelation while, 
for microsatellites, statistically significant positive autocorrelation occurred only for deer 
in the same site (Figure 2-3).  
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For microsatellites, the AMOVA analyses indicated that there was small but 
statistically significant genetic differentiation between sampling sites on opposite sides of 
Interstate 35 (F’ST = 0.029; p = 0.001) [FST = 0.003; p =0.001] and Interstate 80 (F’ST = 
0.027; p = 0.001) [FST = 0.003; p =0.001], as well as among ecoregions (F’ST = 0.036; p = 
0.001) [FST = 0.004; p =0.001] (Table 2-3), all of which remained significant when males 
were removed. For mtDNA, the AMOVA analyses indicated that there was small but 
statistically significant genetic differentiation between sampling sites on opposite sides of 
Interstate 35 (ϕ’PT = 0.224; p = 0.001), on opposite sides of Interstate 80 (ϕ’PT = 0.131; p 
= 0.002) and among ecoregions (ϕ’PT = 0.200; p = 0.001) (Table 2-4), all of which 
remained significant when males were removed.  
 In contrast, partial Mantel tests indicated that, after accounting for geographic 
distance, there was no statistically significant correlation between location east versus 
west of I-35 (r = -0.04; p = 0.490), location north versus south of I-80 (r = -0.020; p = 
0.601), or ecoregion (r = 0.585; p = 0.150) and microsatellite genetic distance among 
sampling sites. Similar results were found when males were removed. After accounting 
for geographic distance, location east versus west of I-35 (r = 0.102, p = 0.027) and 
ecoregion (r = 0.127, p = 0.016) were significantly correlated with mtDNA genetic 
distance among sampling sites, but not location north or south of I-80 (r = -0.066, p = 
0.206). When males were removed from the dataset, only ecoregion (r = 0.116; p = 
0.037) was significantly correlated with mtDNA genetic distance among sampling sites.  
For the MRM to test for relationships between microsatellite genetic distances 
and landscape predictor variables, 2 models were selected based on ∆AICc < 2, and 
included forest, grassland, water, and geographic distance as explanatory variables (Table 
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2-5; Appendix E). After model averaging accounted for model uncertainty, only forest, 
water, and geographic distance were significant predictors of microsatellite genetic 
distance between sites. Model averaging resulted in a model that explained 13.4% of the 
variation in genetic distances between sites (F = 15.5; df = 401; p < 0.0001) [Table 2-6]. 
Specifically, higher amounts of forest and water, and larger geographic distances between 
sites were related to genetic structuring in microsatellites, which remained the same when 
males were removed.  
For the MRM to test for relationships between pairwise mtDNA genetic distances 
of sampling sites and the predictor variables, 4 models were selected based on ∆AICc < 
2, and included forest, development, grassland, water and geographic distance as 
explanatory variables (Table 2-7; Appendix F). After model averaging accounted for 
model uncertainty, only forest, development, and geographic distance were significant 
predictors. Model averaging resulted in a model that explained 19.8% of the variation in 
genetic distances between sites (F = 38.9; df = 371; p < 0.0001) [Table 2-8; Appendix G]. 
Specifically, higher proportions of forest and development and larger geographic 
distances between sites were related to genetic structuring in mtDNA, which remained 
the same when males were removed.  
In comparison with the regression results, partial Mantel tests indicated that, after 
accounting for geographic distance, percent forest (r = 0.295, p = 0.007), percent 
grassland (r = 0.200, p = 0.039) and percent water (r = 0.240, p = 0.006) between sites 
were significantly correlated with microsatellite genetic distance between sampling sites. 
However, percent row crop agriculture (r = -0.132, p = 0.143) and percent development (r 
= -0.065, p = 0.294) were not significantly correlated with genetic distance between 
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sampling sites. When males were removed from the dataset, after accounting for 
geographic distance, percent forest (r = 0.260, p = 0.006), percent row crop agriculture (r 
= -0.324, p = 0.004) and percent development (r = 0.210, p = 0.022) between sites were 
significantly correlated with microsatellite genetic distance between sampling sites. 
However, percent grassland (r = 0.041, p = 0.370) and percent water (r = 0.121, p = 
0.087) were not statistically significantly correlated with genetic distance between 
sampling sites.  
For pairwise mtDNA genetic distance, partial Mantel tests indicated that, after 
accounting for geographic distance, percent row crop agriculture (r = -0.371, p = 0.003) 
and percent development (r = 0.368, p = 0.002) between sites were significantly 
correlated with mtDNA genetic distance between sampling sites. However, percent forest 
(r = 0.126, p = 0.162), percent grassland (r = -0.077, p = 0.263), and percent water (r = 
0.012, p = 0.453) were not statistically significantly correlated with genetic distance 
between sampling sites. When males were removed, percent row crop agriculture (r = -
0.324, p = 0.001), percent forest (r = 0.261, p = 0.006) and percent development (r = 
0.210, p = 0.022) between sites were significantly correlated with mtDNA genetic 
distance in females between sampling sites. Percent grassland (r = 0.412, p = 0.341) and 
percent water (r = 0.121, p = 0.080) were not statistically significantly correlated with 
mtDNA genetic distance in females between sampling sites. 
 
Differences in Genetic Structure of Males and Females 
Tests for sex-biased dispersal produced an FST for microsatellites of 0.0055 (95% 
CI: 0.0044–0.0084) which was converted to an expected FST (mtDNA) of 0.0217 (95% 
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CI: 0.0175–0.0329). The observed FST(mtDNA) of 0.0405 (95% CI: 0.0333–0.0478) was 
statistically significantly higher than the expected FST(mtDNA) characterized by 
uniparental inheritance and lack of recombination, indicating male-biased dispersal.  
 
Local Population Genetic Structure 
For deer within sampling sites, we found significant spatial autocorrelation for 
both mtDNA and microsatellite markers (Figure 2-4). For mtDNA, deer separated by up 
to 2.6 km were significantly positively autocorrelated, while, for microsatellites, 
statistically significant positive autocorrelation occurred for deer separated by up to 13.0 
km (Figure 2-4).  
For the linear regression to test for relationships between genetic structure within 
a sampling site and the predictor variables, we evaluated 32 possible models of different 
combinations of explanatory variables. Four models were selected based on ∆AICc < 2, 
and included the deer density, forest and grassland explanatory variables (Table 2-9). 
After model averaging accounted for model uncertainty, only deer density was a 
significant predictor of genetic structure. Model averaging resulted in a model that 
included deer density and explained 33.2% of the variation in proportion of highly related 
deer in a sampling site (F = 2.98; df = 24; p = 0.039) [Table 10]. Specifically, as deer 
density increased, the proportion of closely related deer (Rxy > 0.25) decreased in a site. 
When males were removed, two models were selected based on ∆AICc < 2, and included 
the grassland explanatory variable. After model averaging accounted for model 
uncertainty, only the intercept was significant.  
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Discussion 
Broad Scale Population Genetic Structure  
We found weak genetic structure minimally influenced by landscape features, 
indicating that deer constitute a continuous population across Iowa. Previous studies also 
found low levels of genetic structuring of deer across similarly large (Kelly et al. 2014) or 
larger (Cullingham et al. 2011a) geographic scales. There was a weak positive 
relationship between genetic distance and geographic distance (isolation by distance; 
IBD) that explained a small portion of the structure across Iowa. Our results are similar to 
those found in white-tailed deer in Canada, where weak but significant IBD was found in 
deer across large spatial scales in western Canada (Cullingham et al. 2011a). This weak 
pattern of IBD could be the result of several factors, one of which is mutation drift 
disequilibrium (Hutchison and Templeton 1999). Deer in Iowa, originally widespread in 
the early 1800s, became nearly extirpated from historic ranges by the end of the 19th 
Century (Stone 2003). A subsequent ban on hunting led to the reestablishment of herds in 
the state, mostly resulting from accidental releases and deliberate translocations of Iowa 
farmed deer and migration from neighboring states that increased the breeding population 
(Stone 2003). If sources of deer contributing to reestablishment were genetically similar 
even in recipient populations that were geographically distant, then admixture between 
gene pools could have resulted in weak genetic structuring across large spatial scales in 
Iowa.  
Weak genetic structuring across Iowa might also be the result of large effective 
population sizes resulting from high reproductive and population growth rates (DeYoung 
2011) combined with high vagility in deer that could result in gene flow over long 
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distances and multiple generations. Deer movement can be extensive in areas with row-
crop agriculture (Nixon et al. 2007, Kelly et al. 2010, Cullingham et al. 2011a). For 
example, in the agricultural Midwest, deer have been found to disperse distances that are 
several orders of magnitude greater than in forested landscapes (Nixon et al. 1991). Deer 
move longer distances in low quality habitats (Long et al. 2005), which could promote 
gene flow (Locher et al. 2015). Therefore, in Iowa, deer may disperse longer distances in 
unsuitable agricultural habitats to increase their likelihood of finding higher quality 
habitats in which to settle (Long et al. 2005), promoting gene flow across broad spatial 
scales and contributing to weak instead of strong patterns of IBD.  
We used several different types of analyses to measure potential influences of 
landscape factors on genetic structuring of deer across Iowa. We consistently found weak 
but significant influences of percent forest on genetic structuring in both microsatellites 
and mtDNA. As habitat generalists, deer use many different types of landscapes, but 
forested habitats are important because they meet needs of food, cover, and escape from 
predation (Harlow 1984). Accordingly, in places with open landscapes, deer select 
strongly for riparian areas with associated forest cover that meet their needs over 
agricultural areas that primarily meet food needs (Walter et al. 2011, Edmunds et al. 
2018). Our results suggest that deer in forested habitats within Iowa’s primarily 
agricultural landscape may exhibit lower yearling dispersal rates and smaller dispersal 
distances than in parts of the state with higher proportions of row crop agriculture. 
Similar results were found in Illinois and Wisconsin, where forested patches were 
hypothesized to encourage site fidelity, contributing to weak microsatellite genetic 
structure across the study area (Kelly et al. 2014).  
36 
 
 
3
6
 
The Midwest agricultural region is characterized by forest fragmentation 
(Gladfelter 1984), which contributes to differences in forest habitat patch size and levels 
of connectivity that could also be important in determining broad scale genetic 
structuring across the state. Our finding of increased genetic structuring as amount of 
forest increased between sites is supported by a recent study using landscape 
configuration to predict gene flow across broad spatial scales that found increased gene 
flow with increased forest fragmentation (Kelly et al. 2014).  
CWD-positive deer have been detected in forested areas of northeastern Iowa. In 
Wisconsin, forested habitat and adjacent areas were positively related to CWD 
prevalence in deer, suggesting a positive relationship between deer densities and CWD 
transmission rates in forests (Joly et al. 2006). Higher transmission rates and high site 
fidelity to forested areas could lead to disease concentration in these habitats. 
Additionally, yearling infection rates have been found to be higher in areas with higher 
percent forest in Wisconsin (Storm et al. 2013). Yearling deer are the primary dispersers 
(Hawkins et al. 1971, Nixon et al. 1991, Purdue et al. 2000, Long et al. 2005, Long et al. 
2008). Therefore, if yearling infection rates and overall CWD transmission rates are 
higher in forested areas, there is a greater chance that a dispersing individual will be 
infected. As such, there may be a greater chance of spatial spread of disease through 
dispersal events from forested than other habitats in Iowa. However, higher site fidelity in 
deer inhabiting forested areas in Iowa, together with lower dispersal rates (Nixon et al. 
2007) and smaller dispersal distances associated with forested landscapes (Long et al. 
2005), may slow the rate of spatial spread of CWD in northeastern Iowa.  
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In our study, forest and row crop agriculture were negatively correlated at broad 
scales (r = -0.487) and we chose to exclude the row crop agriculture variable from 
analyses. This negative correlation indicates that, where landscapes were not classified as 
forest, they were classified as row crop agriculture. In the central Appalachian region of 
the Northeastern U.S., the highest risk of CWD infection in deer of both sexes and all 
ages was related to the lowest levels of forest cover (Evans et al. 2016), which suggests 
that deer in Iowa occupying agricultural landscapes may have higher risk of infection 
with CWD than those occupying forested areas. If CWD were to spread to central Iowa, 
which is dominated by row crop agriculture, disease spread from these areas over large 
spatial scales would then be facilitated by high dispersal rates and long distances 
associated with agricultural landscapes (Nixon et al. 1991, Nixon et al. 2007). 
Other studies of deer movement at broad scales have found a link between 
microsatellite genetic structure and anthropogenic landscape features. For example, in 
Michigan, high-traffic roads were related to spatial genetic structure in deer (Locher et al. 
2015),  and interstates (Kelly et al. 2010, Robinson et al. 2012, Robinson et al. 2013) and 
urban areas (Kelly et al. 2010) were associated with reduced levels of gene flow between 
sampling areas in Illinois and Wisconsin. Results of our analyses measuring the effects of 
roads and development on microsatellite genetic structure using AMOVAs were 
inconsistent with those of our partial Mantel tests. Specifically, we found significant but 
low genetic differentiation across the two major interstates, I-35 and I-80, and among 
ecoregions using AMOVAs, but partial Mantel tests that controlled for geographic 
distances resulted in no significant relationship between microsatellite genetic distance 
and ecological distance relative to these landscape factors. We detected a significant 
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pattern of IBD in our microsatellite data. This IBD is not taken into account in AMOVA 
analyses and therefore can result in highly significant but spurious genetic differentiation 
when examining barrier effects (Meirmans 2012). In contrast, our non-significant partial 
Mantel tests examined the relationship between deer on each side of the road barriers or 
among ecoregions while taking IBD into account (Meirmans 2012). Therefore, it is likely 
that there may be an influence of IBD on our AMOVA results contributing to significant 
differentiation based on barriers (Meirmans 2012).  
In contrast, we had consistent results among our analyses of the influence of 
anthropogenic features and ecoregion membership that indicated a weak influence on 
mtDNA genetic structure across Iowa. One proposed mechanism for control of CWD 
spread across broad scales could be the ability of landscape features in the form of natural 
(forested areas) or anthropogenic boundaries (roads and development) to slow rates of 
deer movement (Long et al. 2010, Cullingham et al. 2011a, Robinson et al. 2013, Locher 
et al. 2015, Blanchong et al. 2016). However, the minimal genetic structure we found 
suggests that deer in Iowa are highly connected via gene flow across large geographic 
scales and there is some, but little influence of landscape factors. Therefore, this approach 
would be ineffective in Iowa, where landscape features do not hinder deer movement but 
instead habitat features such as forested (both sexes) and developed areas (matrilines), 
where deer may exhibit stronger site fidelity, may serve as areas of disease concentration 
at local scales (Robinson et al. 2013).  
Recent studies of deer across the Midwest that have documented low levels of 
genetic differentiation at broad spatial scales have proposed that CWD spread will be 
primarily limited by male dispersal distances (Kelly et al. 2010, Cullingham et al. 2011a, 
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Lang and Blanchong 2012, Kelly et al. 2014). However, although we detected male-
biased dispersal, there was genetic homogenization at broad scales resulting from gene 
flow of both sexes and not just males. Overall, our results indicate that the influence of 
landscape features on gene flow is minor relative to the homogenizing effects of deer 
movement resulting in gene flow at a broad spatial scale, some of which is attributable to 
male-biased dispersal. Therefore, it is possible that in Iowa dispersal of both sexes will 
contribute to spatial spread of disease at broad scales >38 km, which was the extent of 
broad scale genetic structure in our mtDNA marker.  
 
Local Scale Population Genetic Structure 
At local scales, landscape features were not statistically significantly related to the 
proportion of highly related individuals in a study site. Instead, there was a decrease in 
the proportion of highly related individuals with increased deer density, which suggests 
admixture of unrelated deer within sampling sites. Although we cannot determine the 
exact mechanism for this admixture, it could be related to either differences in social 
structure related to the effects of density, or spatial overlap of matrilines within sites due 
to high deer densities. 
In general, aggregation of deer may result in spatial overlap of deer due to 
selection for limited high quality resources (Habib et al. 2011, Walter et al. 2011). When 
unrelated deer overlap, it may dilute signals of local genetic structuring along matrilines. 
For example, population genetic substructure based on matrilineal structure was not 
detected in deer during artificial feeding in two regions located in a 5-county area of 
Michigan, but was detected after a subsequent ban on artificial feeding, suggesting space 
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use overlap of matrilines near high quality resources (Blanchong et al. 2006b). Deer 
aggregate when feeding on highly nutritional resources (Miller et al. 2003, Kjær et al. 
2008), such as agricultural crops (Vercauteren and Hygnstrom 1998), which facilitates 
contact (Kjær et al. 2008). In both agricultural and forested habitats, spatial overlap due 
to aggregation of deer would increase contact rates (Kjær et al. 2008, Habib et al. 2011, 
Silbernagel et al. 2011) which could potentially contribute to local disease spread.  
Fine scale genetic structuring consistent with matrilineal social structure in Iowa 
deer is reflected by significant fine scale autocorrelation between individuals and the 
three-fold higher mtDNA than microsatellite genetic similarity between pairs of deer 
sampled in the same section, which has been found previously in deer (Comer et al. 2005, 
Grear et al. 2010, Cullingham et al. 2011a, Lang and Blanchong 2012). Therefore, 
although our results indicate that both sexes of deer are connected by dispersal at broad 
spatial scales in Iowa, female philopatry encouraging association of related haplotypes at 
local scales likely results in genetic structuring in matrilineal markers based on space use, 
consistent with our expectations based on female philopatry in deer. Related pairs of 
female deer interact more intensely and more often than unrelated pairs of deer 
occupying the same space (Magle et al. 2013, Schauber et al. 2015), and may be more 
likely to be infected with a directly transmitted infectious disease. For example, deer 
infected by bovine tuberculosis (Mycobacterium bovis) exhibited higher levels of 
relatedness than uninfected deer (Blanchong et al. 2007); similar results were found for 
CWD-positive mule deer (Nakada 2009, Cullingham et al. 2011b) and CWD-positive 
white-tailed deer (Grear et al. 2010). Thus, aggregation of related deer resulting from 
female philopatry could facilitate the spread of CWD at local spatial scales (Grear et al. 
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2010, Jennelle et al. 2014). Furthermore, spatial overlap of matrilines due to high deer 
densities might also facilitate disease spread across matrilines.  
 
Study Limitations 
Several recent reviews have discussed issues with partial Mantel tests and MRM 
exhibiting high type I error rates, which could lead to erroneous interpretations of the 
results of these types of analyses (Balkenhol et al. 2009, Legendre and Fortin 2010, 
Legendre et al. 2015). Moreover, information theoretic approaches assume independence 
(Burnham and Anderson 2002), which is violated by autocorrelation in spatial data 
(Fortin et al. 2002). However, as is common practice in landscape genetics studies 
(Locher et al. 2015), we relied on similar findings of several different analytical methods 
in order to identify the specific landscape features (forests, anthropogenic features, and 
ecoregions) that influence genetic structure of mtDNA and/or microsatellites in deer 
across broad scales in Iowa.  
Our study incorporates indirect inference of the effect of landscape factors on deer 
movement based on gene flow estimates to make inferences regarding disease 
transmission and spread. Although measures of gene flow may not fully incorporate local 
demographic processes contributing to population connectivity (Lowe and Allendorf 
2010), previous studies using these measures have linked higher levels of genetic 
differentiation in deer to lower relative levels of CWD prevalence (Blanchong et al. 
2006a).  
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Conclusions 
Infectious diseases, including CWD, present multiple challenges for wildlife 
managers, including a limited understanding of transmission dynamics (Grear et al. 2006, 
Jennelle et al. 2014) and the necessity of management intervention to control disease 
spread (Grear et al. 2006). With limited budgets for disease detection and surveillance 
and no available vaccines or treatment for CWD, information from studies based on deer 
population dynamics are valuable to managers who must focus finite financial, personnel 
and time resources into control of disease spread. Our study contributes to the 
understanding of how landscape features influence deer movement by using measures of 
gene flow to understand levels of connectivity at broad scales in a primarily row crop 
agricultural landscape. Our findings are consistent with field studies indicating higher 
rates of movement in agricultural relative to forested and developed landscapes. 
Furthermore, our results suggest that landscape factors exert few limitations on deer 
movement and thus, potentially, CWD spread across Iowa. 
 
Acknowledgments 
This research was supported by a grant from the IDNR. We thank the IDNR staff 
for collecting samples for the project. Specifically, we would like to thank J. Coffey, T. 
Litchfield and W. Suchy for assistance in procuring samples for this study. We thank R. 
Klaver for assistance with GIS. We are also thankful to C. Fries, A. Grant, M. Hansel, M. 
Moy, and S. Wagner for providing laboratory assistance. P. Dixon provided helpful 
feedback on experimental design.  
 
43 
 
 
4
3
 
References 
Almberg, E. S., P. C. Cross, C. J. Johnson, D. M. Heisey, and B. J. Richards. 2011. 
Modeling routes of chronic wasting disease transmission: environmental prion 
persistence promotes deer population decline and extinction. PloS one 6:e19896. 
 
Anderson, C. W., C. Nielsen, and E. Schauber. 2015. Survival and dispersal of white-
tailed deer in an agricultural landscape. Wildlife Biology in Practice 11:26-41. 
 
Anderson, J. D., R. L. Honeycutt, R. A. Gonzales, K. L. Gee, L. C. Skow, R. L. 
Gallagher, D. A. Honeycutt, and R. W. DeYoung. 2002. Development of 
microsatellite DNA markers for the automated genetic characterization of white-
tailed deer populations. Journal of Wildlife Management 66:67-74. 
 
Avise, J. C. 1995. Mitochondrial DNA polymorphism and a connection between genetics 
and demography of relevance to conservation. Conservation Biology 9:686-690. 
 
Balkenhol, N., L. P. Waits, and R. J. Dezzani. 2009. Statistical approaches in landscape 
genetics: an evaluation of methods for linking landscape and genetic data. 
Ecography 32:818-830. 
 
Bishop, R. C. 2004. The economic impacts of chronic wasting disease (CWD) in 
Wisconsin. Human Dimensions of Wildlife 9:181-192. 
 
Blanchong, J. A., D. A. Grear, B. V. Weckworth, D. P. Keane, K. T. Scribner, and M. D. 
Samuel. 2012. Effects of chronic wasting disease on reproduction and fawn 
harvest vulnerability in Wisconsin white-tailed deer. Journal of Wildlife Diseases 
48:361-370. 
 
Blanchong, J. A., D. O. Joly, M. D. Samuel, J. A. Langenberg, R. E. Rolley, and J. F. 
Sausen. 2006a. White-tailed deer harvest from the chronic wasting disease 
eradication zone in south-central Wisconsin. Wildlife Society Bulletin 34:725-
731. 
 
Blanchong, J. A., S. J. Robinson, M. D. Samuel, and J. T. Foster. 2016. Application of 
genetics and genomics to wildlife epidemiology. Journal of Wildlife Management 
80:593-608. 
 
Blanchong, J. A., M. D. Samuel, K. T. Scribner, B. V. Weckworth, J. A. Lagenberg, and 
K. B. Filcek. 2008. Landscape genetics and the spatial distribution of chronic 
wasting disease. Biology Letters 4:130-133. 
 
Blanchong, J. A., K. T. Scribner, B. K. Epperson, and S. R. Winterstein. 2006b. Changes 
in artificial feeding regulations impact white-tailed deer fine-scale spatial genetic 
structure. Journal of Wildlife Management 70:1037-1043. 
44 
 
 
4
4
 
Blanchong, J. A., K. T. Scribner, A. N. Kravchenko, and S. R. Winterstein. 2007. TB-
infected deer are more closely related than non-infected deer. Biology Letters 
3:104-106. 
 
Brinkman, T. J., C. S. Deperno, J. A. Jenks, B. S. Haroldson, and R. G. Osborn. 2005. 
Movement of female white-tailed deer: effects of climate and intensive row-crop 
agriculture. Journal of Wildlife Management 69:1099-1111. 
 
Burnham, K. P. and D. R. Anderson. 2002. Model selection and multi-model inference: a 
practical information-theoretic approach. Springer, New York, New York. 
 
Campbell, T. A. and K. C. VerCauteren. 2011. Diseases and parasites. Pages 219-249 in 
D. G. Hewitt, editor. Biology and management of white-tailed deer. CRC Press, 
New York, New York. 
 
Chapuis, M. P., M. Lecoq, Y. Michalakis, A. Loiseau, G. A. Sword, S. Piry, and A. 
Estoup. 2008. Do outbreaks affect genetic population structure? A worldwide 
survey in Locusta migratoria, a pest plagued by microsatellite null alleles. 
Molecular Ecology 17:3640-3653. 
 
Clements, G. M., S. E. Hygnstrom, J. M. Gilsdorf, D. M. Baasch, M. J. Clements, and K. 
C. Vercauteren. 2011. Movements of white-tailed deer in riparian habitat: 
implications for infectious diseases. Journal of Wildlife Management 75:1436-
1442. 
 
Comer, C. E., J. C. Kilgo, G. J. D'Angelo, T. C. Glenn, K. V. Miller, and DeWoody. 
2005. Fine-scale genetic structure and social organization in female white-tailed 
deer. Journal of Wildlife Management 69:332-344. 
 
Conner, M., C. McCarty, and M. Miller. 2000. Detection of bias in harvest-based 
estimates of chronic wasting disease prevalence in mule deer. Journal of Wildlife 
Diseases 36:691-699. 
 
Conner, M. M., M. R. Ebinger, J. A. Blanchong, and P. C. Cross. 2008. Infectious disease 
in cervids of North America. Annals of the New York Academy of Sciences 
1134:146-172. 
 
Conover, M. R. 2011. Impacts of deer on society. Pages 399-408 in D. G. Hewitt, editor. 
Biology and management of white-tailed deer. CRC Press, New York, New York. 
 
Crochet, P. A. 2000. Genetic structure of avian populations—allozymes revisited. 
Molecular Ecology 9:1463-1469. 
 
Cullingham, C. I., E. H. Merrill, M. J. Pybus, T. K. Bollinger, G. A. Wilson, and D. W. 
Coltman. 2011a. Broad and fine-scale genetic analysis of white-tailed deer 
45 
 
 
4
5
 
populations: estimating the relative risk of chronic wasting disease spread. 
Evolutionary Applications 4:116-131. 
 
Cullingham, C. I., S. M. Nakada, E. H. Merrill, T. K. Bollinger, M. J. Pybus, and D. W. 
Coltman. 2011b. Multiscale population genetic analysis of mule deer (Odocoileus 
hemionus) in western Canada sheds new light on the spread of chronic wasting 
disease. Canadian Journal of Zoology 89:134-147. 
 
DeWoody, J. A., R. L. Honeycutt, and L. C. Skow. 1995. Microsatellite markers in 
white-tailed deer. Journal of Heredity 86:317-319. 
 
DeYoung, C. A. 2011. Population dynamics. Pages 147-180 in D. G. Hewitt, editor. 
Biology and management of white-tailed deer. CRC Press, New York, New York. 
 
Dulberger, J., N. T. Hobbs, H. M. Swanson, C. J. Bishop, and M. W. Miller. 2010. 
Estimating chronic wasting disease effects on mule deer recruitment and 
population growth. Journal of Wildlife Diseases 46:1086-1095. 
 
Edmunds, D. R., S. E. Albeke, R. G. Grogan, F. G. Lindzey, D. E. Legg, W. E. Cook, B. 
A. Schumaker, T. J. Kreeger, and T. E. Cornish. 2018. Chronic wasting disease 
influences activity and behavior in white-tailed deer. Journal of Wildlife 
Management 82:138-154. 
 
Edmunds, D. R., M. J. Kauffman, B. A. Schumaker, F. G. Lindzey, W. E. Cook, T. J. 
Kreeger, R. G. Grogan, and T. E. Cornish. 2016. Chronic wasting disease drives 
population decline of white-tailed deer. PloS one 11:e0161127. 
 
ESRI. 2011. ArcGIS Desktop: Release 10. Environmental Systems Research Institute, 
Redlands, California. 
 
Evans, T. S., M. S. Kirchgessner, B. Eyler, C. W. Ryan, and W. D. Walter. 2016. Habitat 
influences distribution of chronic wasting disease in white-tailed deer. Journal of 
Wildlife Management 80:284-291. 
 
Evett, I. W. and F. S. Weir. 1998. Interpreting DNA evidence: statistical genetics for 
forensic scientists. Sinauer and Associates, Inc., Sunderland, Massachusetts. 
 
Excoffier, L. and H. E. L. Lischer. 2010. Arlequin suite ver 3.5: a new series of programs 
to perform population genetics analyses under Linux and Windows. Molecular 
Ecology Resources 10:564-567. 
 
Excoffier, L., P. E. Smouse, and J. M. Quattro. 1992. Analysis of molecular variance 
inferred from metric distances among DNA haplotypes: application to human 
mitochondrial DNA restriction data. Genetics 131:479-491. 
 
46 
 
 
4
6
 
Fortin, M.-J., M. R. T. Dale, and J. ver Hoef. 2002. Spatial analysis in ecology. Pages 
2051-2058 in A. H. El-Shaarawi and W. W. Piegorsch, editors. Encyclopedia of 
environmentrics. John Wiley & Sons, Ltd., Chicester, West Sussex, United 
Kingdom. 
 
Gladfelter, H. L. 1984. Midwest agricultural region. Pages 427-440 in L. K. Halls, editor. 
White-tailed deer: ecology and management. Stackpole Books, Harrisburg, 
Pennsylvania. 
 
Glaubitz, J. C. 2004. Convert: A user-friendly program to reformat diploid genotypic data 
for commonly used population genetic software packages. Molecular Ecology 
Notes 4:309-310. 
 
Goslee, S. C. and D. L. Urban. 2007. The ecodist package for dissimilarity-based analysis 
of ecological data. Journal of Statistical Software 22:1-19. 
 
Goudet, J. 1995. FSTAT (Version 1.2):a computer program to calculate F-statistics. 
Journal of Heredity 86:485-486. 
 
Grear, D. A., M. D. Samuel, J. A. Langenberg, and D. Keane. 2006. Demographic 
patterns and harvest vulnerability of chronic wasting disease infected white-tailed 
deer in Wisconsin. Journal of Wildlife Management 70:546-553. 
 
Grear, D. A., M. D. Samuel, K. T. Scribner, B. V. Weckworth, and J. A. Langenberg. 
2010. Influence of genetic relatedness and spatial proximity on chronic wasting 
disease infection among female white-tailed deer. Journal of Applied Ecology 
47:532-540. 
 
Habib, T. J., E. H. Merrill, M. J. Pybus, and D. W. Coltman. 2011. Modelling landscape 
effects on density–contact rate relationships of deer in eastern Alberta: 
Implications for chronic wasting disease. Ecological Modelling 222:2722-2732. 
 
Hamilton, M. B. and J. R. Miller. 2002. Comparing relative rates of pollen and seed gene 
flow in the island model using nuclear and organelle measures of population 
structure. Genetics 162:1897-1909. 
 
Hardy, O. J. and X. Vekemans. 2002. SPAGeDi: a versatile computer program to analyse 
spatial genetic structure at the individual or population levels. Molecular Ecology 
Notes 2:618-620. 
 
Harlow, R. F. 1984. Habitat evaluation. Pages 601-628 in L. K. Halls, editor. White-tailed 
deer ecology and management. Stackpole Books, Harrisburg, Pennsylvania. 
 
Hawkins, R. E. and W. D. Klimstra. 1970. A preliminary study of the social organization 
of white-tailed deer. Journal of Wildlife Management 34:407-419. 
 
47 
 
 
4
7
 
Hawkins, R. E., W. D. Klimstra, and D. C. Autry. 1971. Dispersal of deer from Crab 
Orchard National Wildlife Refuge. Journal of Wildlife Management 35:216-220. 
 
Heberlein, T. A. 2004. “Fire in the Sistine Chapel”: how Wisconsin responded to chronic 
wasting disease. Human Dimensions of Wildlife 9:165-179. 
 
Hedrick, P. W. 2005a. A standardized genetic differentiation marker. Evolution 59:1633-
1638. 
 
Hedrick, P. W. 2005b. Genetics of populations. 3
rd
 edition. Jones and Bartlett Publishers, 
Sudbury, Massachusetts. 
 
Hurvich, C. M. and C.-L. Tsai. 1989. Regression and time series model selection in small 
samples. Biometrika 76:297-307. 
 
Hutchison, D. W. and A. R. Templeton. 1999. Correlation of pairwise genetic and 
geographic distance measures: inferring the relative influences of gene flow and 
drift on the distribution of genetic variability. Evolution 53:1898-1914. 
 
IDNR. 2009. A review of Iowa's deer management program: report to the Governor and 
General Assembly, January 10, 2009. Iowa Department of Natural Resources, Des 
Moines, Iowa. 
 
Jennelle, C. S., V. Henaux, G. Wasserberg, B. Thiagarajan, R. E. Rolley, and M. D. 
Samuel. 2014. Transmission of chronic wasting disease in Wisconsin white-tailed 
deer. PloS one 9:e91043. 
 
Jennelle, C. S., M. D. Samuel, C. A. Nolden, and E. A. Berkley. 2009. Deer carcass 
decomposition and potential scavenger exposure to chronic wasting disease. 
Journal of Wildlife Management 73:655-662. 
 
Joly, D. O., C. A. Ribic, J. A. Langenberg, K. Beheler, C. A. Batha, B. J. Dhuey, R. E. 
Rolley, G. Bartelt, T. R. Van Deelen, and M. D. Samuel. 2003. Chronic wasting 
disease in free-ranging Wisconsin white-tailed deer. Emerging Infectious 
Diseases 9:599-601. 
 
Joly, D. O., M. D. Samuel, J. A. Langenberg, J. A. Blanchong, C. A. Batha, R. E. Rolley, 
D. P. Keane, and C. A. Ribic. 2006. Spatial epidemiology of chronic wasting 
disease in Wisconsin white-tailed deer. Journal of Wildlife Diseases 42:578-588. 
 
Kelly, A., N. Mateus-Pinilla, W. Brown, M. Ruiz, M. Douglas, M. Douglas, P. Shelton, 
T. Beissel, and J. Novakofski. 2014. Genetic assessment of environmental 
features that influence deer dispersal: implications for prion-infected populations. 
Population Ecology 56:327-340. 
 
48 
 
 
4
8
 
Kelly, A. C., N. E. Mateus-Pinilla, M. Douglas, M. Douglas, W. Brown, M. O. Ruiz, J. 
Killefer, P. Shelton, T. Beissel, and J. Novakofski. 2010. Utilizing disease 
surveillance to examine gene flow and dispersal in white-tailed deer. Journal of 
Applied Ecology 47:1189-1198. 
 
Kjær, L. J., E. M. Schauber, and C. K. Nielsen. 2008. Spatial and temporal analysis of 
contact rates in female white-tailed deer. Journal of Wildlife Management 
72:1819-1825. 
 
Krumm, C. E., M. M. Conner, N. T. Hobbs, D. O. Hunter, and M. W. Miller. 2010. 
Mountain lions prey selectively on prion-infected mule deer. Biology Letters 
6:209-211. 
 
Krumm, C. E., M. M. Conner, and M. W. Miller. 2005. Relative vulnerability of chronic 
wasting disease infected mule deer to vehicle collisions. Journal of Wildlife 
Diseases 41:503-511. 
 
Kumar, S., M. Nei, J. Dudley, and K. Tamura. 2008. MEGA: a biologist-centric software 
for evolutionary analysis of DNA and protein sequences. Briefings in 
Bioinformatics 9:299-306. 
 
Lang, K. R. and J. A. Blanchong. 2012. Population genetic structure of white-tailed deer: 
understanding risk of chronic wasting disease spread. Journal of Wildlife 
Management 76:832-840. 
 
Legendre, P. and M.-J. Fortin. 2010. Comparison of the Mantel test and alternative 
approaches for detecting complex multivariate relationships in the spatial analysis 
of genetic data. Molecular Ecology Resources 10:831-844. 
 
Legendre, P., M.-J. Fortin, and D. Borcard. 2015. Should the Mantel test be used in 
spatial analysis? Methods in Ecology and Evolution 6:1239-1247. 
 
Librado, P. and J. Rozas. 2009. DnaSP v5: a software for comprehensive analysis of 
DNA polymorphism data. Bioinformatics 25:1451-1452. 
 
Lichstein, J. 2007. Multiple regression on distance matrices: a multivariate spatial 
analysis tool. Plant Ecology 188:117-131. 
 
Locher, A., K. T. Scribner, J. A. Moore, B. Murphy, and J. Kanefsky. 2015. Influence of 
landscape features on spatial genetic structure of white-tailed deer in human-
altered landscapes. Journal of Wildlife Management 79:180-194. 
 
Long, E. S., D. R. Diefenbach, C. S. Rosenberry, and B. D. Wallingford. 2008. Multiple 
proximate and ultimate causes of natal dispersal in white-tailed deer. Behavioral 
Ecology 19:1235-1242. 
 
49 
 
 
4
9
 
Long, E. S., D. R. Diefenbach, C. S. Rosenberry, B. D. Wallingford, and M. D. Grund. 
2005. Forest cover influences dispersal distance of white-tailed deer. Journal of 
Mammalogy 86:623-629. 
 
Long, E. S., D. R. Diefenbach, B. D. Wallingford, and C. S. Rosenberry. 2010. Influence 
of roads, rivers, and mountains on natal dispersal of white-tailed deer. Journal of 
Wildlife Management 74:1242-1249. 
 
Longmire, J. L., M. Maltbie, and R. J. Baker. 1997. Use of "lysis buffer" in DNA 
isolation and its implication for museum collections. Occasional Papers of the 
Museum of Texas Tech University 163:1-3. 
 
Lowe, W. H. and F. W. Allendorf. 2010. What can genetics tell us about population 
connectivity? Molecular Ecology 19:3038-3051. 
 
Magle, S. B., M. D. Samuel, T. R. Van Deelen, S. J. Robinson, and N. E. Mathews. 2013. 
Evaluating spatial overlap and relatedness of white-tailed deer in a chronic 
wasting disease management zone. PloS one 8:e56568. 
 
Mantel, N. 1967. The detection of disease clustering and a generalized regression 
approach. Cancer Research 27:209-220. 
 
Meirmans, P. G. 2006. Using the AMOVA framework to estimate a standardized genetic 
differentiation measure. Evolution 60:2399-2402. 
 
Meirmans, P. G. 2012. The trouble with isolation by distance. Molecular Ecology 
21:2839-2846. 
 
Meirmans, P. G. and P. W. Hedrick. 2011. Assessing population structure: FST and 
related measures. Molecular Ecology Resources 11:5-18. 
 
Miller, B. F., R. W. DeYoung, T. A. Campbell, B. R. Laseter, W. M. Ford, and K. V. 
Miller. 2010. Fine-scale genetic and social structuring in a central Appalachian 
white-tailed deer herd. Journal of Mammalogy 91:681-689. 
 
Miller, M. W. and M. M. Conner. 2005. Epidemiology of chronic wasting disease in free-
ranging mule deer: spatial, temporal, and demographic influences on observed 
prevalence patterns. Journal of Wildlife Diseases 41:275-290. 
 
Miller, M. W. and J. R. Fischer. 2016. The first five (or more) decades of chronic wasting 
disease: lessons for the five decades to come. Transactions of the North American 
Wildlife and Natural Resources Conference:In Press. 
 
Miller, M. W., H. M. Swanson, L. L. Wolfe, F. G. Quartarone, S. L. Huwer, C. H. 
Southwick, and P. M. Lukacs. 2008. Lions and prions and deer demise. PloS one 
3:e4109. 
50 
 
 
5
0
 
Miller, M. W., E. S. Williams, N. T. Hobbs, and L. L. Wolfe. 2004. Environmental 
sources of prion transmission in mule deer. Emerging Infectious Diseases 
10:1003-1006. 
 
Miller, R., J. Kaneene, S. Fitzgerald, and S. Schmitt. 2003. Evaluation of the influence of 
supplemental feeding of white-tailed deer (Odocoileus virginianus) on the 
prevalence of bovine tuberculosis in the Michigan wild deer population. Journal 
of Wildlife Diseases 39:84-95. 
 
Miyamoto, M. M., F. Kraus, and O. A. Ryder. 1990. Phylogeny and evolution of antlered 
deer determined from mitochondrial DNA sequences. Proceedings of the National 
Academy of Sciences 87:6127-6131. 
 
Monello, R. J., J. G. Powers, N. T. Hobbs, T. R. Spraker, M. K. Watry, and M. A. Wild. 
2014. Survival and population growth of a free-ranging elk population with a long 
history of exposure to chronic wasting disease. Journal of Wildlife Management 
78:214-223. 
 
Moran, P. A. 1950. Notes on continuous stochastic phenomena. Biometrika 37:17-23. 
 
Nakada, S. M. 2009. Molecular epidemiology of chronic wasting disease in free-ranging 
mule deer (Odocoileus hemionus) of western Canada. University of Alberta, 
Edmonton, Alberta, Canada. 
 
Nalls, A. V., E. McNulty, J. Powers, D. M. Seelig, C. Hoover, N. J. Haley, J. Hayes-
Klug, K. Anderson, P. Stewart, W. Goldmann, E. A. Hoover, and C. K. 
Mathiason. 2013. Mother to offspring transmission of chronic wasting disease in 
Reeves' Muntjac Deer. PloS one 8:e71844. 
 
Nelson, M. E. and L. D. Mech. 1987. Mammalian dispersal patterns: the effects of social 
structure on population genetics. Pages 27-40 in B. D. Chepko-Sade and Z. T. 
Halpin, editors. Mammalian dipsersal patterns. University of Chicago Press, 
Chicago, Illinois. 
 
Nelson, M. E. and L. D. Mech. 1999. Twenty-year home range dynamics of a white-
tailed deer matriline. Canadian Journal of Zoology 77:1128-1135. 
 
Nichols, T. A., J. W. Fischer, T. R. Spraker, Q. Kong, and K. C. VerCauteren. 2015. 
CWD prions remain infectious after passage through the digestive system of 
coyotes (Canis latrans). Prion 9:367-375. 
 
Nichols, T. A., B. Pulford, A. C. Wyckoff, C. Meyerett, B. Michel, K. Gertig, E. A. 
Hoover, J. E. Jewell, G. C. Telling, and M. D. Zabel. 2009. Detection of protease-
resistant cervid prion protein in water from a CWD-endemic area. Prion 3:171-
183. 
51 
 
 
5
1
 
Nixon, C. M., L. P. Hansen, P. A. Brewer, and J. E. Chelsvig. 1991. Ecology of white-
tailed deer in an intensively farmed region of Illinois. Wildlife Monographs 
118:3-77. 
 
Nixon, C. M., P. C. Mankin, D. R. Etter, L. P. Hansen, P. A. Brewer, J. E. Chelsvig, T. L. 
Esker, and J. B. Sullivan. 2007. White-tailed deer dispersal behavior in an 
agricultural environment. American Midland Naturalist 157:212-220. 
 
Nobert, B. R., E. H. Merrill, M. J. Pybus, T. K. Bollinger, and Y. T. Hwang. 2016. 
Landscape connectivity predicts chronic wasting disease risk in Canada. Journal 
of Applied Ecology 53:1450-1459. 
 
O'Hara Ruiz, M., A. C. Kelly, W. M. Brown, J. E. Novakofski, and N. E. Mateus-Pinilla. 
2013. Influence of landscape factors and management decisions on spatial and 
temporal patterns of the transmission of chronic wasting disease in white-tailed 
deer. Geospatial Health 8:215-227. 
 
Paetkau, D. and C. Strobeck. 1994. Microsatellite analysis of genetic variation in black 
bear populations. Molecular Ecology 3:489-495. 
 
Peakall, R. and P. E. Smouse. 2006. GENALEX 6: genetic analysis in Excel. Population 
genetic software for teaching and research. Molecular Ecology Notes 6:288-295. 
 
Peakall, R. and P. E. Smouse. 2012. GenAlEx 6.5: genetic analysis in Excel. Population 
genetic software for teaching and research -- an update. Bioinformatics 28:2537-
2539. 
 
Porter, W., N. Mathews, H. Underwood, R. Sage, and D. Behrend. 1991. Social 
organization in deer: implications for localized management. Environmental 
Management 15:809-814. 
 
Pritzkow, S., R. Morales, F. Moda, U. Khan, Glenn C. Telling, E. Hoover, and C. Soto. 
2015. Grass plants bind, retain, uptake, and transport infectious prions. Cell 
Reports 11:1168-1175. 
 
Purdue, J. R., M. H. Smith, and J. C. Patton. 2000. Female philopatry and extreme spatial 
genetic heterogeneity in white-tailed deer. Journal of Mammalogy 81:179-185. 
 
Queller, D. C. and K. F. Goodnight. 1989. Estimating relatedness using genetic markers. 
Evolution 43:258-275. 
 
Quenouille, M. H. 1956. Notes on bias in estimation. Biometrika 43:353-360. 
 
R Development Core Team. 2015. R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. 
 
52 
 
 
5
2
 
Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution 43:223-225. 
 
Robinson, S. J. 2012. Landscape genetics and epidemiology of chronic wasting disease in 
Midwestern white-tailed deer. University of Madison, Madison, Wisconsin. 
 
Robinson, S. J., M. D. Samuel, D. L. Lopez, and P. Shelton. 2012. The walk is never 
random: subtle landscape effects shape gene flow in a continuous white-tailed 
deer population in the Midwestern United States. Molecular Ecology 21:4190-
4205. 
 
Robinson, S. J., M. D. Samuel, R. E. Rolley, and P. Shelton. 2013. Using landscape 
epidemiological models to understand the distribution of chronic wasting disease 
in the Midwestern USA. Landscape Ecology 28:1923-1935. 
 
Rogers, K. G., S. J. Robinson, M. D. Samuel, and D. A. Grear. 2011. Diversity and 
distribution of white-tailed deer mtDNA lineages in chronic wasting disease 
(CWD) outbreak areas in southern Wisconsin, USA. Journal of Toxicology and 
Environmental Health, Part A 74:1521-1535. 
 
Rolley, R. E. 2005. Controlling chronic wasting disease in Wisconsin: a progress report 
and look toward the future. Wisconsin Department of Natural Resources, Bureaus 
of Wildlife Management and Integrated Science Services, Madison, Wisconsin. 
 
Rosenberg, M. S. and C. D. Anderson. 2011. PASSaGE: pattern analysis, spatial statistics 
and geographic exegesis. Version 2. Methods in Ecology and Evolution 2:229-
232. 
 
Rousset, F. 2008. Genepop’007: a complete re-implementation of the Genepop software 
for Windows and Linux. Molecular Ecology Resources 8:103-106. 
 
Sargeant, G. A., D. C. Weber, and D. E. Roddy. 2011. Implications of chronic wasting 
disease, cougar predation, and reduced recruitment for elk management. Journal 
of Wildlife Management 75:171-177. 
 
Schauber, E. M., C. K. Nielsen, L. J. Kjær, C. W. Anderson, and D. J. Storm. 2015. 
Social affiliation and contact patterns among white-tailed deer in disparate 
landscapes: implications for disease transmission. Journal of Mammalogy 96:16-
28. 
 
Schramm, P. T., C. J. Johnson, N. E. Mathews, D. McKenzie, J. M. Aiken, and J. A. 
Pedersen. 2006. Potential role of soil in the transmission of prion disease. 
Reviews in Mineralogy and Geochemistry 64:135-152. 
 
Silbernagel, E. R., N. K. Skelton, C. L. Waldner, and T. K. Bollinger. 2011. Interaction 
among deer in a chronic wasting disease endemic zone. Journal of Wildlife 
Management 75:1453-1461. 
53 
 
 
5
3
 
Stone, L. 2003. Whitetail: treasure, trophy or trouble? A history of deer in Iowa. Iowa 
Department of Natural Resources, Des Moines, Iowa. 
 
Storm, D. J., M. D. Samuel, R. E. Rolley, P. Shelton, N. S. Keuler, B. J. Richards, and T. 
R. Van Deelen. 2013. Deer density and disease prevalence influence transmission 
of chronic wasting disease in white-tailed deer. Ecosphere 4:1-14. 
 
Talbot, J., J. Haigh, and Y. Plante. 1996. A parentage evaluation test in North American 
elk (wapiti) using microsatellites of ovine and bovine origin. Animal Genetics 
27:117-119. 
 
Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4: molecular evolutionary 
genetics analysis (MEGA) software version 4.0. Molecular Biology and Evolution 
24:1596-1599. 
 
Thompson, J., D. G. Higgins, and T. J. Gibson. 1994. ClustalW. Nucleic Acids Research 
22:4673-4680. 
 
Thompson, J. D., T. J. Gibson, F. Plewniak, F. Jeanmougin, and D. G. Higgins. 1997. 
The CLUSTAL_X Windows interface: flexible strategies for multiple sequence 
alignment aided by quality analysis tools. Nucleic Acids Research 25:4876-4882. 
 
TNC Conservation Science Division. 2001. nv_tnc_eco.in T. N. Conservancy, editor., 
https://archive.epa.gov/esd/archive-nerl-
esd1/web/html/nvgeo_gis6_tnc_eco_md.html. 
 
Van Oosterhout, C., W. F. Hutchinson, D. P. M. Wills, and P. Shipley. 2004. MICRO-
CHECKER: software for identifying and correcting genotyping errors in 
microsatellite data. Molecular Ecology Notes 4:535-538. 
 
Van Oosterhout, C., D. Weetman, and W. F. Hutchinson. 2006. Estimation and 
adjustment of microsatellite null alleles in nonequilibrium populations. Molecular 
Ecology Notes 6:255-256. 
 
Vercauteren, K. C. and S. E. Hygnstrom. 1998. Effects of agricultural activities and 
hunting on home ranges of female white-tailed deer. Journal of Wildlife 
Management 62:280-285. 
 
Waits, L. P., G. Luikart, and P. Taberlet. 2001. Estimating the probability of identity 
among genotypes in natural populations: cautions and guidelines. Molecular 
Ecology 10:249-256. 
 
Walter, W. D., D. M. Baasch, S. E. Hygnstrom, B. D. Trindle, A. J. Tyre, J. J. 
Millspaugh, C. J. Frost, J. R. Boner, and K. C. VerCauteren. 2011. Space use of 
sympatric deer in a riparian ecosystem in an area where chronic wasting disease is 
endemic. Wildlife Biology 17:191-209. 
54 
 
 
5
4
 
 
Weir, B. S. and C. C. Cockerham. 1984. Estimating F-statistics for the analysis of 
population structure. Evolution 38:1358-1370. 
 
Williams, E. S., M. W. Miller, T. J. Kreeger, R. H. Kahn, and E. T. Thorne. 2002. 
Chronic wasting disease of deer and elk: a review with recommendations for 
management. Journal of Wildlife Management 66:551-563. 
 
Wilson, G. A., C. Strobeck, L. Wu, and J. W. Coffin. 1997. Characterization of 
microsatellite loci in caribou Rangifer tarandus, and their use in other 
artiodactyls. Molecular Ecology 6:697-699. 
 
Zabel, M. and A. Ortega. 2017. The ecology of prions. Microbiology and Molecular 
Biology Reviews 81. 
 
 
  
55 
 
 
5
5
 
 
Figure 2-1. Study area for genetic analysis of white-tailed deer genetic structure in Iowa, 
USA 2010–2014. The 29 sites where deer were sampled are depicted in white. We 
examined the effect of the 7 land cover categories as well as two interstates in red (I-35, 
north to south; I-80, west to east) on microsatellite and mtDNA genetic structure in deer 
in Iowa. 
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Figure 2-2. Study area map depicting the three ecoregions spanning Iowa (Northern 
Tallgrass Prairie, Central Tallgrass Prairie and Prairie-Forest Border). We examined the 
effect of membership in an ecoregion on microsatellite and mtDNA genetic structure in 
deer across Iowa. 
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 Figure 2-3. Spatial autocorrelation among white-tailed deer sampled from 28 (mtDNA 
depicted in black) or 29 (microsatellites depicted in gray) sites from 2010–2014 across 
Iowa. Circles represent mean values of Moran’s I plotted at the end point of each distance 
class in increments of 38.1 km (based on the minimum geographic distance between the 
centroids of two sampling sites). Dashed lines represent 95% confidence intervals for the 
null hypothesis of no spatial autocorrelation based on 999 permutations of the dataset. 
Deer from different sampling sites were statistically significantly positively 
autocorrelated (*) up to 38.1 km for mtDNA and in the same sampling site for 
microsatellites.   
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Figure 2-4. Spatial autocorrelation among white-tailed deer samples collected from sites 
from 2010–2014 (n = 28 for mtDNA depicted in black and 29 for microsatellites depicted 
in gray) across Iowa. Circles represent mean values of Moran’s I plotted at the end point 
of each distance class in increments of 2.6 km. Dashed lines represent 95% confidence 
intervals for the null hypothesis of no spatial autocorrelation based on 999 permutations 
of the dataset. Within sampling sites, deer were statistically significantly positively 
autocorrelated (*) up to 2.6 km for mtDNA and 13 km for microsatellites.   
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Table 2-1. Measures of microsatellite genetic diversity (±standard deviation (SD)) for 29 sites where white-tailed deer were 
sampled across Iowa from 2010–2014. Number of individuals (n), number of females (nf), and number of males (nm) for each 
sampling site are listed. For microsatellite data, we calculated observed (Hobs) and expected (Hexp) heterozygosity, allelic richness 
(AR) the inbreeding coefficient (FIS), and the proportion of highly related pairs (Rxy > 0.25) within each site. Asterisks (*) indicate 
a significant difference from zero at p < 0.05. 
Site n nf nm Hobs (SD) Hexp (SD) AR (SD) FIS (SD)  
Proportion of              
Rxy > 0.25 
1 13 0 13 0.872 (0.070) 0.853 (0.021) 8.4 (0.8)  0.020 (0.081) 0.013 
2 22 7 15 0.879 (0.101) 0.857 (0.026) 7.9 (0.9) -0.006 (0.117) 0.017 
3 14 6 8 0.860 (0.104) 0.838 (0.035) 7.9 (1.1) 0.017 (0.089) 0.022 
4 15 10 5 0.892 (0.077) 0.851 (0.022) 7.8 (0.8) -0.012 (0.102) 0.019 
5 17 6 11 0.851 (0.165) 0.857 (0.042) 8.1 (1.4) 0.032 (0.136) 0.000 
6 27 15 12 0.862 (0.083) 0.859 (0.029) 7.9 (0.9) 0.014 (0.097) 0.023 
7 21 10 11 0.886 (0.053) 0.866 (0.021) 8.3 (0.8) 0.008 (0.058) 0.004 
8 18 7 11 0.865 (0.084) 0.860 (0.045) 8.5 (1.5) 0.021 (0.080) 0.013 
9 21 10 11 0.830 (0.124) 0.865 (0.036) 8.2 (1.2) 0.069 (0.118)* 0.019 
10 14 8 6 0.926 (0.091) 0.848 (0.020) 8.0 (0.8) -0.050 (0.118) 0.000 
11 21 15 6 0.864 (0.084) 0.865 (0.031) 8.3 (1.2) 0.032 (0.080) 0.024 
12 27 21 6 0.834 (0.116) 0.862 (0.028) 8.0 (0.8) 0.049 (0.123) 0.034 
13 22 22 0 0.885 (0.132) 0.863 (0.027) 8.1 (1.1) 0.019 (0.140) 0.039 
14 25 13 12 0.864 (0.060) 0.859 (0.036) 7.9 (1.2) 0.014 (0.074) 0.023 
15 16 13 3 0.842 (0.090) 0.846 (0.028) 7.7 (1.0) 0.036 (0.098) 0.000 
16 14 10 4 0.809 (0.095) 0.870 (0.045) 7.8 (1.3) 0.072 (0.114) 0.011 
17 21 7 14 0.845 (0.082) 0.896 (0.020) 8.3 (0.9) 0.060 (0.094)* 0.014 
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Table 2-1. Continued 
      
 
Site n nf nm Hobs (SD) Hexp (SD) AR (SD) FIS (SD)  
Proportion of              
Rxy > 0.25 
18 32 32 0 0.862 (0.102) 0.859 (0.018) 7.8 (0.7) 0.024 (0.113) 0.038 
19 22 22 0 0.861 (0.095) 0.850 (0.042) 7.8 (1.0) 0.013 (0.089) 0.026 
20 24 16 8 0.846 (0.068) 0.853 (0.037) 7.8 (0.9) 0.031 (0.078) 0.014 
21 46 42 4 0.862 (0.072) 0.873 (0.027) 8.0 (1.0) 0.017 (0.056) 0.050 
22 18 15 3 0.817 (0.164) 0.848 (0.039) 7.8 (1.3) 0.065 (0.159)* 0.026 
23 24 19 5 0.879 (0.071) 0.874 (0.018) 8.4 (0.8) 0.017 (0.074) 0.007 
24 23 22 1 0.902 (0.056) 0.851 (0.034) 8.0 (1.1) -0.034  (0.064) 0.024 
25 25 15 10 0.824 (0.098) 0.855 (0.041) 7.9 (1.0) 0.045 (0.085) 0.020 
26 37 31 6 0.853 (0.061) 0.868 (0.036) 8.2 (1.0) 0.032 (0.063) 0.036 
27 55 54 1 0.883 (0.062) 0.876 (0.028) 8.2 (1.0) 0.007 (0.060) 0.029 
28 19 8 11 0.834 (0.128) 0.859 (0.019) 8.5 (0.8) 0.074 (0.118)* 0.007 
29 35 30 5 0.911 (0.057) 0.868 (0.033) 8.1 (0.9) -0.036 (0.052) 0.035 
Mean 
(SD) 23.7 (9.6) 
16.8 
(11.8) 7.0 (4.5) 0.862 (0.028) 0.860 (0.011) 8.1 (0.2) 0.022 (0.031) 0.020 (0.013) 
Total 688 486 202           
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Table 2-2. Measures of mtDNA genetic diversity (±standard deviation (SD)) for 28 
sites where white-tailed deer were sampled across Iowa from 2010–2014. Number 
of individuals (n), number of females (nf), and number of males (nm) for each 
sampling site are listed. For mtDNA data, we calculated haplotype (H) and 
nucleotide (π) diversity for each sampling site. Samples from Site 21 were included 
in the microsatellite analysis to increase sample size, but were not sequenced at the 
mtDNA locus. Asterisks (*) indicate a significant difference from zero at p < 0.05. 
Site n nf nm H (SD) π (±SD) 
1 12 0 12 0.909 (0.079) 0.017 (0.006) 
2 20 7 13 0.889 (0.042) 0.024 (0.004) 
3 12 6 6 0.970 (0.044) 0.026 (0.008) 
4 12 9 3 0.955 (0.047) 0.029 (0.004) 
5 18 6 12 0.974 (0.029) 0.033 (0.003) 
6 21 11 10 0.981 (0.023) 0.028 (0.003) 
7 21 11 10 0.957 (0.023) 0.028 (0.003) 
8 17 7 10 0.971 (0.032) 0.030 (0.002) 
9 20 11 9 0.948 (0.029) 0.030 (0.004) 
10 14 8 6 0.967 (0.044) 0.027 (0.004) 
11 20 13 7 0.912 (0.046) 0.020 (0.004) 
12 25 18 7 0.909 (0.039) 0.022 (0.003) 
13 19 19 0 0.900 (0.046) 0.021 (0.004) 
14 29 15 14 0.966 (0.018) 0.029 (0.003) 
15 17 13 4 0.926 (0.045) 0.027 (0.003) 
16 14 10 4 0.989 (0.031) 0.029 (0.002) 
17 23 8 15 0.913 (0.028) 0.027 (0.002) 
18 21 21 0 0.953 (0.003) 0.027 (0.004) 
19 19 17 2 0.889 (0.033) 0.027 (0.002) 
20 23 14 9 0.941 (0.034) 0.026 (0.002) 
21 ---- ---- ---- ---- ---- 
22 13 10 3 0.910 (0.068) 0.025 (0.004) 
23 22 17 5 0.913 (0.038) 0.032 (0.003) 
24 20 19 1 0.949 (0.041) 0.023 (0.003) 
25 22 14 8 0.889 (0.029) 0.018 (0.003) 
26 33 28 5 0.909 (0.028) 0.025 (0.002) 
27 53 52 1 0.909 (0.016) 0.026 (0.001) 
28 13 6 7 0.923 (0.057) 0.021 (0.005) 
29 5 4 1 0.700 (0.218) 0.025 (0.007) 
Mean             
(SD) 
19.9 
(8.6) 
13.4 
(9.6) 
6.6 
(4.4) 
0.953             
(0.003) 
 
0.027           
(0.004) 
Total 558 374 184     
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Table 2-3. Results of hierarchical Analysis of Molecular Variances (AMOVAs) indicated 
that there was small but statistically significant influence of roads and ecoregions on 
microsatellite genetic differentiation for 29 sites where white-tailed deer were sampled 
across Iowa from 2010–2014.  
Source 
Sum of 
Squares Variance % Variation F'ST FST p-value 
East versus West of I-35 12.180 0.002 0.000 0.029 0.003 0.001* 
Same Side of I-35 3080.776 4.026 100.000 
   Total 2451.000 4.038 100.000       
North versus South of I-80 10.782 0.011 0.000 0.027 0.003 0.001* 
Same Side of I-80 5533.175 4.027 100.000 
   Total 5543.956 4.039 100.000       
Among Ecoregions 21.828 0.016 0.000 0.036 0.004 0.001* 
Within Ecoregions 5522.128 4.022 100.000 
   Total 5543.956 4.038 100.000       
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Table 2-4. Results of hierarchical Analysis of Molecular Variances (AMOVAs) indicated 
that there was small but statistically significant influence of roads and ecoregions on 
mtDNA genetic differentiation for 28 sites where white-tailed deer were sampled across 
Iowa from 2010–2014.  
Source 
Sum of 
Squares Variance % Variation ϕ'PT p-value 
East versus West of I-35 1.956 0.005 1.000 0.224 0.001* 
Same Side of I-35 264.114 0.475 99.000 
  Total 266.070 0.480 100.000     
North versus South of I-80 1.149 0.003 1.000 0.131 0.002* 
Same Side of I-80 264.921 0.476 99.000 
  Total 266.070 0.479 100.000     
Among Ecoregions 2.745 0.005 1.000 0.200 0.001* 
Within Ecoregions 263.325 0.474 99.000 
  Total 266.070 0.479 100.000     
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Table 2-5. The two competitive regression models (ΔAICc ≤ 2) that explained the variation in pairwise F'ST between 29 sites where 
white-tailed deer were sampled across Iowa from 2010–2014. The null model of geographic distance alone is also listed for comparison. 
Included in the table are model parameters, degrees of freedom (df), Akaike's Information Criterion for small sample size (AICc) values, 
relative AICc values (ΔAICc), log likelihoods, and Akaike weight.  Models are listed in order of ΔAICc. 
Rank Parameters df AICc ΔAICc Log likelihood Akaike weight 
1 Forest, Water, Geographic Distance 5 -1034.6 0.00 522.36 0.48 
2 Forest, Grassland, Water, Geographic Distance 6 -1033.2 1.40 522.69 0.24 
29 Geographic Distance 3 -992.2 42.32 499.15 0.00 
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Table 2-6. Model averaging resulted in a model that explained 13.4% of the variation in 
pairwise F'ST between 29 sites where white-tailed deer were sampled across Iowa from 
2010–2014. Significant p-values are indicated by an asterisk (*). Larger proportions of 
forest and water and greater geographic distances between sampling sites were related to 
increased microsatellite genetic structuring in deer across Iowa. 
Variable Estimate Standard Error t value p-value 
Intercept -0.075291 0.03244 -2.321 0.021* 
Percent Forest 0.375124 0.08665 4.329 <0.0001* 
Percent Grassland -0.092705 0.11491 -0.807 0.42 
Percent Water 0.923501 0.29135 3.170 0.002* 
Geographic Distance 0.025936 0.00571 4.544 <0.0001* 
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Table 2-7. The four competitive regression models (ΔAICc ≤ 2) that explained the variation in pairwise φ'PT between 28 sites where 
white-tailed deer were sampled across Iowa from 2010-2014. The null model of geographic distance alone is also listed for 
comparison. Included in the table are model parameters, degrees of freedom (df), Akaike's Information Criterion for small sample size 
(AICc) values, relative AICc values (ΔAICc), log likelihoods, and Akaike weight.  Models are listed in order of ΔAICc. 
 Rank Parameters df AICc ΔAICc 
Log 
likelihood 
Akaike 
weight 
1 Forest, Development, Geographic Distance 5 -349.4 0.00 179.77 0.38 
2 Forest, Development, Grassland, Geographic Distance 6 -349.0 0.38 180.61 0.31 
3 Forest, Development, Grassland, Water, Geographic Distance 7 -347.6 1.75 180.97 0.16 
4 Forest, Development, Water, Geographic Distance 6 -347.5 1.86 179.87 0.15 
25 Geographic Distance 3 -281.5 67.87 143.78 0.00 
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Table 2-8. Model averaging resulted in a model that explained 19.8% of 
the variation in pairwise φ'PT between 28 sites where white-tailed deer 
were sampled across Iowa from 2010–2014. Higher proportions of forest 
and development and greater geographic distances were related to genetic 
structure across Iowa. 
Variable Estimate SE t-value p-value 
Intercept -0.17532 0.08113 -2.161 0.031* 
Percent Forest 0.94623 0.20204 4.683 <0.0001* 
Percent Development 0.45276 0.06627 6.832 <0.0001* 
Percent Grassland -0.42673 0.29006 -1.471 0.142 
Percent Water 0.57269 0.68655 0.834 0.405 
Geographic Distance 0.04851 0.01402 3.459 0.0006* 
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Table 2-9. The four competitive linear regression models (ΔAICc ≤ 2) that explained the 
variation in proportion of highly related pairs of deer (Rxy > 0.25) within a sampling site 
for 29 sites where white-tailed deer were sampled across Iowa from 2010–2014. Included 
in the table are model parameters, degrees of freedom (df), Akaike's Information 
Criterion for small sample size (AICc) values, relative AICc values (ΔAICc), log 
likelihoods, and Akaike weight. Models are listed in order of ΔAICc. 
Model Parameters df AICc ΔAICc 
Model log 
likelihood 
Akaike 
weight 
1 Deer density, Forest 5 -146.4 0.00 79.50 0.172 
2 Deer density, Forest, Grassland 6 -145.5 0.89 80.66 0.110 
3 Intercept 2 -145.2 1.20 74.82 0.095 
4 Grassland 3 -144.7 1.68 75.83 0.074 
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Table 2-10. Model averaging resulted in a model that explained 33.2% of the variation in 
the percent of closely related  (Rxy > 0.25) pairs of deer at each sampling site for 29 sites 
where white-tailed deer were sampled across Iowa from 2010–2014. This model included 
two categorical variables (Development -- Yes or No and Forest -- Low, Medium or 
High). Significant p-values are indicated by an asterisk (*). Sites with higher deer 
densities had lower proportions of closely related deer. 
Variable Estimate SE t-value p-value 
Intercept 0.037 0.014 2.706 0.01* 
Deer Density -0.006 0.002 -2.600 0.02* 
Forest (Low) -0.016 0.010 -1.592 0.13 
Forest (Medium) 0.009 0.010 0.946 0.35 
Percent Grassland 0.073 0.051 1.414 0.17 
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APPENDIX A. PAIRWISE F’ST FOR 29 SITES WHERE DEER WERE SAMPLED IN IOWA 2010–2014 
 
 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
1 ---                  
2 0.000 ---                 
3 0.068 0.002 ---                
4 0.046 0.014 0.111 ---               
5 0.084 0.054 0.103 0.076 ---              
6 0.115 0.074 0.120 0.110 0.015 ---             
7 0.015 0.000 0.069 0.000 0.047 0.071 ---            
8 0.000 0.056 0.083 0.095 0.038 0.095 0.038 ---           
9 0.023 0.032 0.019 0.031 0.025 0.017 0.032 0.061 ---          
10 0.000 0.031 0.000 0.075 0.075 0.081 0.068 0.022 0.094 ---         
11 0.075 0.132 0.159 0.038 0.077 0.033 0.083 0.145 0.047 0.096 ---        
12 0.154 0.115 0.196 0.112 0.116 0.100 0.082 0.160 0.144 0.146 0.079 ---       
13 0.290 0.222 0.238 0.166 0.221 0.164 0.208 0.287 0.214 0.221 0.092 0.042 ---      
14 0.007 0.008 0.010 0.072 0.028 0.081 0.029 0.059 0.046 0.042 0.071 0.110 0.194 ---     
15 0.007 0.000 0.071 0.000 0.104 0.039 0.008 0.028 0.059 0.036 0.005 0.060 0.087 0.052 ---    
16 0.198 0.137 0.112 0.133 0.029 0.055 0.114 0.143 0.083 0.153 0.062 0.059 0.124 0.154 0.072 ---   
17 0.085 0.056 0.116 0.000 0.062 0.064 0.026 0.093 0.015 0.038 0.010 0.066 0.171 0.038 0.016 0.151 ---  
18 0.172 0.154 0.215 0.091 0.147 0.103 0.136 0.221 0.142 0.155 0.031 0.127 0.095 0.151 0.034 0.092 0.104 --- 
19 0.216 0.185 0.227 0.125 0.139 0.155 0.215 0.257 0.184 0.183 0.101 0.164 0.164 0.150 0.149 0.213 0.181 0.152 
20 0.110 0.070 0.116 0.058 0.105 0.068 0.050 0.084 0.010 0.115 0.139 0.167 0.199 0.084 0.036 0.100 0.080 0.154 
21 0.226 0.247 0.227 0.204 0.148 0.184 0.246 0.243 0.195 0.216 0.082 0.089 0.079 0.183 0.091 0.073 0.158 0.166 
22 0.057 0.079 0.109 0.088 0.099 0.039 0.090 0.104 0.049 0.060 0.104 0.112 0.208 0.064 0.064 0.097 0.053 0.197 
23 0.050 0.013 0.109 0.000 0.069 0.015 0.007 0.064 0.000 0.044 0.066 0.151 0.204 0.043 0.014 0.090 0.000 0.120 
24 0.094 0.061 0.033 0.118 0.168 0.188 0.117 0.168 0.014 0.173 0.184 0.227 0.268 0.088 0.130 0.185 0.216 0.228 
25 0.067 0.013 0.052 0.015 0.039 0.030 0.043 0.062 0.007 0.064 0.095 0.126 0.170 0.026 0.015 0.077 0.055 0.137 
26 0.166 0.139 0.165 0.134 0.111 0.149 0.154 0.207 0.122 0.139 0.110 0.104 0.072 0.071 0.036 0.173 0.101 0.081 
27 0.215 0.193 0.254 0.190 0.175 0.170 0.231 0.264 0.198 0.246 0.167 0.080 0.065 0.182 0.087 0.141 0.198 0.134 
28 0.272 0.232 0.311 0.241 0.141 0.191 0.246 0.343 0.284 0.212 0.161 0.201 0.179 0.151 0.161 0.180 0.228 0.193 
29 0.165 0.176 0.192 0.179 0.138 0.086 0.156 0.168 0.149 0.121 0.094 0.158 0.135 0.168 0.054 0.100 0.174 0.072 
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APPENDIX A. CONTINUED 
Site 19 20 21 22 23 24 25 26 27 28 29        
1                   
2                   
3                   
4                   
5                   
6                   
7                   
8                   
9                   
10                   
11                   
12                   
13                   
14                   
15                   
16                   
17                   
18                   
19 ---                  
20 0.217 ---                 
21 0.190 0.215 ---                
22 0.252 0.004 0.199 ---               
23 0.110 0.046 0.236 0.085 ---              
24 0.185 0.053 0.242 0.119 0.099 ---             
25 0.108 0.014 0.169 0.063 0.000 0.079 ---            
26 0.127 0.139 0.107 0.185 0.143 0.210 0.096 ---           
27 0.191 0.193 0.096 0.178 0.217 0.210 0.156 0.097 ---          
28 0.109 0.267 0.150 0.264 0.231 0.306 0.147 0.062 0.219 ---         
29 0.197 0.132 0.124 0.180 0.115 0.181 0.139 0.084 0.180 0.161 ---        
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APPENDIX B. PAIRWISE FST FOR 29 SITES WHERE DEER WERE SAMPLED IN IOWA 2010–2014  
ASTERISKS (*) INDICATE SIGNIFICANCE AT P < 0.05 
Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
1 --- 
                2 0.000 --- 
               3 0.009 0.000 --- 
              4 0.003 0.001 0.011* --- 
             5 0.005 0.000 0.005 0.007 --- 
            6 0.011 0.006 0.011 0.015* 0.000 --- 
           7 0.002 0.000 0.005 0.000 0.001 0.007* --- 
          8 0.000 0.005 0.009 0.011* 0.000 0.008 0.004 --- 
         9 0.003 0.003 0.002 0.003 0.000 0.000 0.002 0.006 --- 
        10 0.000 0.004 0.000 0.010* 0.005 0.009* 0.008 0.002 0.011* --- 
       11 0.001 0.008 0.012 0.000 0.000 0.001 0.004 0.008* 0.000 0.008 --- 
      12 0.002 0.003 0.011 0.005 0.002 0.006 0.000 0.007* 0.004 0.007 0.002 --- 
     13 0.005 0.000 0.001 0.000 0.001 0.001 0.002 0.008 0.000 0.003 0.001 0.001 --- 
    14 0.000 0.000 0.000 0.008* 0.003 0.009* 0.002 0.005* 0.002 0.004 0.004* 0.003 0.002 --- 
   15 0.000 0.000 0.003 0.000 0.004 0.005 0.000 0.000 0.000 0.002 0.000 0.001 0.000 0.001 --- 
  16 0.012 0.005 0.002 0.010 0.000 0.002 0.000 0.004 0.000 0.012 0.006 0.004 0.004 0.008 0.008 --- 
 17 0.001 0.004 0.007 0.000 0.001 0.005 0.000 0.005 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.009 --- 
18 0.007* 0.007* 0.014* 0.003* 0.004 0.008* 0.009* 0.014* 0.004* 0.011* 0.001 0.009* 0.006* 0.010* 0.000 0.002 0.004* 
19 0.014* 0.015* 0.018 0.008 0.011 0.013 0.017* 0.020* 0.011 0.017* 0.003 0.015* 0.005 0.014* 0.008 0.017 0.011 
20 0.011* 0.007* 0.011 0.007* 0.006 0.005 0.005 0.010* 0.000 0.013* 0.009* 0.012* 0.002 0.008* 0.000 0.000 0.006 
21 0.009 0.013* 0.011* 0.013* 0.002 0.013* 0.012* 0.012* 0.003 0.012* 0.006 0.010* 0.006 0.009* 0.005* 0.009 0.005* 
22 0.005 0.008* 0.012 0.010* 0.007 0.001 0.008* 0.010 0.004 0.006 0.003 0.004* 0.000 0.004 0.001 0.003 0.002 
23 0.002 0.001 0.011 0.000 0.004 0.001 0.000 0.005* 0.000 0.006 0.001 0.008 0.000 0.003 0.000 0.002 0.000 
24 0.011 0.007 0.007 0.014* 0.012 0.018* 0.011* 0.020* 0.000 0.022* 0.014* 0.018* 0.007 0.004 0.009 0.013 0.017* 
25 0.004 0.000 0.001 0.002* 0.005 0.003 0.002 0.005* 0.000 0.006 0.006 0.010* 0.001 0.004* 0.000 0.001 0.004 
26 0.004* 0.006* 0.005 0.009* 0.006* 0.015* 0.009* 0.012* 0.000 0.008* 0.009* 0.009* 0.001 0.002* 0.000 0.016* 0.004* 
27 0.004 0.006 0.012 0.012 0.006 0.011 0.011 0.014 0.004 0.012 0.009 0.010 0.000 0.008 0.001 0.014 0.010 
28 0.000 0.000 0.006 0.001 0.000 0.005 0.000 0.011 0.000 0.003 0.000 0.005 0.000 0.000 0.000 0.000 0.000 
29 0.006* 0.007* 0.011* 0.014* 0.000 0.004* 0.008* 0.006* 0.002 0.005* 0.008* 0.010* 0.004 0.009* 0.002 0.006* 0.007* 
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APPENDIX B. CONTINUED 
Site 18 19 20 21 22 23 24 25 26 27 28 29 
     1 
                 2 
                 3 
                 4 
                 5 
                 6 
                 7 
                 8 
                 9 
                 10 
                 11 
                 12 
                 13 
                 14 
                 15 
                 16 
                 17 
                 18 --- 
                19 0.006 --- 
               20 0.009* 0.014 --- 
              21 0.012* 0.019* 0.011* --- 
             22 0.013* 0.021* 0.000 0.009* --- 
            23 0.005* 0.003 0.004 0.013* 0.008* --- 
           24 0.014* 0.015* 0.003 0.014* 0.013* 0.009 --- 
          25 0.007* 0.009 0.000 0.010* 0.005 0.000 0.004 --- 
         26 0.009* 0.014 0.007* 0.006 0.011* 0.009* 0.011* 0.006 --- 
        27 0.007 0.012 0.008 0.011 0.008 0.010 0.008 0.009 0.003 --- 
       28 0.000 0.011 0.000 0.000 0.001 0.003 0.003 0.002 0.000 0.000 --- 
      29 0.009* 0.017* 0.002* 0.004* 0.007* 0.005* 0.010* 0.002* 0.006* 0.010* 0.000 --- 
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APPENDIX C. PAIRWISE φ'PT  FOR 28 SITES WHERE DEER WERE SAMPLED IN IOWA 2010–2014 
Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
1 --- 
                 2 0.134 --- 
                3 0.195 0.000 --- 
               4 0.013 0.030 0.104 --- 
              5 0.000 0.077 0.148 0.000 --- 
             6 0.177 0.000 0.000 0.092 0.124 --- 
            7 0.148 0.018 0.066 0.000 0.080 0.059 --- 
           8 0.037 0.000 0.000 0.000 0.024 0.000 0.019 --- 
          9 0.356 0.110 0.122 0.138 0.270 0.124 0.034 0.121 --- 
         10 0.140 0.000 0.000 0.000 0.067 0.011 0.000 0.000 0.036 --- 
        11 0.151 0.008 0.049 0.000 0.079 0.040 0.000 0.004 0.023 0.000 --- 
       12 0.093 0.000 0.000 0.032 0.064 0.003 0.025 0.000 0.122 0.000 0.013 --- 
      13 0.171 0.025 0.076 0.000 0.104 0.074 0.000 0.019 0.012 0.000 0.000 0.043 --- 
     14 0.251 0.068 0.113 0.045 0.168 0.102 0.000 0.069 0.000 0.000 0.000 0.087 0.000 --- 
    15 0.163 0.011 0.055 0.000 0.085 0.054 0.000 0.005 0.008 0.000 0.000 0.033 0.000 0.000 --- 
   16 0.052 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.112 0.000 0.000 0.000 0.006 0.046 0.000 --- 
  17 0.191 0.000 0.006 0.023 0.112 0.020 0.000 0.007 0.011 0.000 0.000 0.018 0.000 0.000 0.000 0.000 --- 
 18 0.174 0.000 0.000 0.090 0.132 0.000 0.067 0.000 0.116 0.005 0.048 0.000 0.071 0.109 0.049 0.001 0.009 --- 
19 0.118 0.000 0.000 0.000 0.065 0.000 0.000 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.082 0.002 0.053 0.000 0.031 0.046 0.000 0.000 0.081 0.000 0.000 0.009 0.000 0.011 0.000 0.000 0.000 0.055 
22 0.000 0.029 0.087 0.000 0.000 0.072 0.004 0.000 0.180 0.001 0.012 0.014 0.018 0.081 0.018 0.000 0.049 0.081 
23 0.064 0.000 0.008 0.000 0.032 0.000 0.000 0.000 0.102 0.000 0.000 0.000 0.000 0.040 0.000 0.000 0.000 0.013 
24 0.136 0.002 0.055 0.000 0.073 0.051 0.000 0.006 0.035 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.057 
25 0.019 0.014 0.066 0.000 0.002 0.051 0.007 0.000 0.159 0.000 0.019 0.017 0.016 0.073 0.012 0.000 0.039 0.066 
26 0.000 0.037 0.083 0.000 0.000 0.070 0.068 0.000 0.234 0.043 0.063 0.027 0.086 0.151 0.075 0.000 0.087 0.076 
27 0.117 0.000 0.031 0.000 0.058 0.030 0.000 0.000 0.079 0.000 0.000 0.018 0.000 0.027 0.000 0.000 0.000 0.031 
28 0.278 0.087 0.166 0.034 0.154 0.142 0.000 0.100 0.015 0.002 0.000 0.109 0.000 0.000 0.000 0.047 0.007 0.149 
29 0.145 0.011 0.079 0.000 0.017 0.063 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.070 
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APPENDIX C. CONTINUED 
Site 19 20 22 23 24 25 26 27 28 29 
        1 
                  2 
                  3 
                  4 
                  5 
                  6 
                  7 
                  8 
                  9 
                  10 
                  11 
                  12 
                  13 
                  14 
                  15 
                  16 
                  17 
                  18 
                  19 --- 
                 20 0.000 --- 
                22 0.000 0.000 --- 
               23 0.000 0.000 0.000 --- 
              24 0.000 0.000 0.000 0.000 --- 
             25 0.000 0.000 0.000 0.000 0.000 --- 
            26 0.039 0.020 0.000 0.002 0.056 0.000 --- 
           27 0.000 0.000 0.005 0.000 0.000 0.002 0.039 --- 
          28 0.017 0.016 0.092 0.060 0.000 0.091 0.156 0.031 --- 
         29 0.000 0.000 0.000 0.000 0.000 0.000 0.039 0.000 0.000 --- 
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APPENDIX D. PAIRWISE φST  FOR 28 SITES WHERE DEER WERE SAMPLED IN IOWA 2010–2014. 
ASTERISKS (*) INDICATE SIGNIFICANCE AT P < 0.05. 
Site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
1 --- 
                2 0.082* --- 
               3 0.000 0.023 --- 
              4 0.036 0.039 0.000 --- 
             5 0.029 0.037* 0.000 0.000 --- 
            6 0.022 0.005 0.000 0.000 0.000 --- 
           7 0.031 0.018 0.000 0.000 0.000 0.000 --- 
          8 0.000 0.047* 0.000 0.000 0.000 0.000 0.005 --- 
         9 0.003 0.026 0.000 0.000 0.000 0.000 0.009 0.000 --- 
        10 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 --- 
       11 0.072* 0.002 0.026 0.033 0.029 0.014 0.029 0.019 0.021 0.013 --- 
      12 0.066* 0.054* 0.008 0.000 0.015 0.016 0.004 0.008 0.041* 0.025 0.031 --- 
     13 0.062* 0.016 0.007 0.028 0.027 0.022 0.032 0.020 0.016 0.017 0.000 0.040* --- 
    14 0.044* 0.007 0.000 0.009 0.004 0.000 0.000 0.007 0.017 0.000 0.006 0.017 0.027* --- 
   15 0.022 0.011 0.000 0.011 0.018 0.000 0.000 0.000 0.000 0.000 0.060* 0.037* 0.063* 0.012 --- 
  16 0.029 0.024 0.000 0.010 0.000 0.000 0.000 0.000 0.012 0.000 0.009 0.017 0.017 0.000 0.014 --- 
 17 0.044 0.027 0.013 0.036 0.031* 0.023 0.027 0.000 0.015 0.008 0.018 0.045* 0.027 0.024* 0.012 0.004 --- 
18 0.058* 0.052* 0.009 0.025 0.027* 0.004 0.032* 0.000 0.023 0.011 0.044* 0.048* 0.061* 0.019* 0.020 0.000 0.027 
19 0.109* 0.043* 0.060* 0.068* 0.047* 0.026 0.063* 0.040* 0.038* 0.029 0.044* 0.071* 0.056* 0.042* 0.048* 0.014 0.025 
20 0.043* 0.030 0.006 0.013 0.014 0.008 0.000 0.000 0.024 0.013 0.029 0.018 0.054* 0.002 0.000 0.011 0.005 
22 0.000 0.030 0.000 0.017 0.015 0.000 0.015 0.000 0.000 0.000 0.046* 0.060* 0.031 0.019 0.000 0.018 0.001 
23 0.064* 0.049* 0.011 0.042* 0.032* 0.010 0.025 0.010 0.027 0.002 0.058* 0.058* 0.067* 0.015 0.009 0.000 0.000 
24 0.091* 0.079* 0.038* 0.038 0.037* 0.036* 0.022 0.016 0.062* 0.042* 0.061* 0.046* 0.086* 0.030* 0.045* 0.024 0.040* 
25 0.052* 0.055* 0.019 0.030 0.031* 0.017 0.013 0.009 0.038* 0.034* 0.054* 0.038* 0.070* 0.025* 0.017 0.016 0.034* 
26 0.065* 0.028 0.020 0.028 0.035* 0.014 0.006 0.023 0.037* 0.012 0.053* 0.039* 0.070* 0.020* 0.000 0.023 0.008 
27 0.036 0.024 0.000 0.023 0.030* 0.000 0.004 0.012 0.012 0.003 0.052* 0.050* 0.047* 0.017 0.000 0.017 0.023 
28 0.029 0.027 0.009 0.017 0.030 0.000 0.027 0.009 0.025 0.000 0.052* 0.022 0.072* 0.018 0.000 0.000 0.027 
29 0.000 0.182* 0.051 0.092 0.096* 0.104* 0.102* 0.012 0.045 0.104* 0.152* 0.135* 0.144* 0.129* 0.000 0.104* 0.040 
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APPENDIX D. CONTINUED 
Site 18 19 20 22 23 24 25 26 27 28 29 
      1 
                 2 
                 3 
                 4 
                 5 
                 6 
                 7 
                 8 
                 9 
                 10 
                 11 
                 12 
                 13 
                 14 
                 15 
                 16 
                 17 
                 18 --- 
                19 0.025 --- 
               20 0.027* 0.061* --- 
              22 0.037* 0.055* 0.018 --- 
             23 0.018 0.027 0.027 0.016 --- 
            24 0.024 0.086* 0.000 0.069* 0.051* --- 
           25 0.009 0.077* 0.000 0.047* 0.052* 0.000 --- 
          26 0.031* 0.065* 0.000 0.032 0.026 0.008 0.000 --- 
         27 0.029* 0.067* 0.013 0.000 0.024* 0.047* 0.011 0.007 --- 
        28 0.012 0.048* 0.035 0.026 0.017 0.063* 0.026 0.018 0.021 --- 
       29 0.102* 0.157* 0.067 0.000 0.071 0.125* 0.108* 0.094* 0.088* 0.115 --- 
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APPENDIX E. MODEL SELECTION TABLE OF 32 MULTIPLE 
REGRESSION ON MATRICES (MRM) MODELS THAT EXPLAINED 
THE VARIATION IN PAIRWISE F'ST BETWEEN 29 SITES WHERE 
WHITE-TAILED DEER WERE SAMPLED ACROSS IOWA FROM 2010–
2014 
 
Rank Parameters df AICc ΔAICc 
Log 
likelihood 
Akaike 
weight 
1 Forest, Water, Geographic Distance 5 -1034.6 0.00 522.36 0.475 
2 Forest, Grassland, Water, Geographic Distance 6 -1033.2 1.40 522.69 0.236 
3 Forest, Development, Water, Geographic Distance 6 -1032.5 2.03 522.37 0.172 
4 Forest, Development, Grassland, Water, Geographic Distance 7 -1031.3 3.25 522.80 0.094 
5 Forest, Geographic Distance 4 -1027.2 7.38 517.64 0.012 
6 Forest, Development, Geographic Distance 5 -1025.4 9.17 517.77 0.005 
7 Forest, Grassland, Geographic Distance 5 -1025.2 9.39 517.66 0.004 
8 Forest, Development, Grassland, Geographic Distance 6 -1023.3 11.23 517.77 0.002 
9 Grassland, Water, Geographic Distance 5 -1016.7 17.89 513.41 0.000 
10 Forest, Water  4 -1016.5 18.03 512.32 0.000 
11 Forest, Development, Water  5 -1015.0 19.58 512.57 0.000 
12 Forest, Grassland, Water  5 -1014.8 19.73 512.49 0.000 
13 Development, Grassland, Water, Geographic Distance 6 -1014.6 19.93 513.42 0.000 
14 Water, Geographic Distance 4 -1014.1 20.50 511.08 0.000 
15 Forest, Development, Grassland, Water  6 -1013.7 20.85 512.96 0.000 
16 Development, Water, Geographic Distance 5 -1012.4 22.20 511.26 0.000 
17 Forest 3 -1011.3 23.28 508.67 0.000 
18 Forest, Development 4 -1010.2 24.37 509.14 0.000 
19 Forest, Grassland 4 -1009.3 25.24 508.71 0.000 
20 Forest, Development, Grassland 5 -1008.1 26.42 509.15 0.000 
21 Grassland, Geographic Distance 4 -1006.8 27.75 507.46 0.000 
22 Development, Grassland, Geographic Distance 5 -1004.8 29.77 507.47 0.000 
23 Grassland, Water  4 -1002.6 31.98 505.34 0.000 
24 Development, Grassland, Water  5 -1000.7 33.89 505.41 0.000 
25 Water  3 -1000.4 34.12 503.25 0.000 
26 Development, Water  4 -999.4 35.11 503.77 0.000 
27 Grassland 3 -999.3 39.24 500.69 0.000 
28 Development, Grassland 4 -993.4 41.18 500.74 0.000 
29 Geographic Distance 3 -992.2 42.32 499.15 0.000 
30 Development, Geographic Distance 4 -991.9 42.66 500.00 0.000 
31 Development 3 -983.6 50.98 494.82 0.000 
32 Intercept 2 -983.0 51.53 493.53 0.000 
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APPENDIX F. MODEL SELECTION TABLE OF 32 MULTIPL E 
REGRESSION ON MATRICES (MRM) MODELS THAT 
EXPLAINED THE VARIATION IN PAIRWISE φ'ST BETWEEN 28 
SITES WHERE WHITE-TAILED DEER WERE SAMPLED 
ACROSS IOWA FROM 2010–2014 
  
Rank Parameters df AICc ΔAICc 
Log 
likelihood 
Akaike 
weight 
1 Forest, Development, Geographic Distance 5 349.4 0.00 179.77 0.379 
2 Forest, Development, Grassland, Geographic Distance 6 349.0 0.38 180.61 0.314 
3 Forest, Development, Grassland, Water, Geographic Distance 7 347.6 1.75 180.97 0.158 
4 Forest, Development, Water, Geographic Distance 6 -347.5 1.86 179.87 0.149 
5 Forest, Development 4 -339.5 9.93 173.78 0.003 
6 Forest, Development, Grassland 5 -339.0 10.38 174.58 0.002 
7 Forest, Development, Grassland, Water  6 -337.7 11.64 174.98 0.001 
8 Forest, Development, Water  5 -337.7 11.72 173.91 0.001 
9 Development, Grassland, Geographic Distance 5 -328.5 20.91 169.32 0.000 
10 Development, Grassland, Water, Geographic Distance 6 -328.1 21.33 170.14 0.000 
11 Development, Water, Geographic Distance 5 -327.3 22.03 168.75 0.000 
12 Development, Geographic Distance 4 -324.6 24.75 166.37 0.000 
13 Development, Grassland 4 -320.5 28.83 164.33 0.000 
14 Development, Grassland, Water  5 -320.2 29.16 165.19 0.000 
15 Development, Water  4 -320.0 29.41 164.04 0.000 
16 Development 3 -317.4 32.00 161.72 0.000 
17 Forest, Grassland, Geographic Distance 5 -306.6 42.74 158.40 0.000 
18 Forest, Grassland, Water, Geographic Distance 6 -305.0 44.35 158.63 0.000 
19 Forest, Grassland 4 -297.6 51.77 152.86 0.000 
20 Forest, Grassland, Water  5 -296.1 53.29 153.13 0.000 
21 Forest, Geographic Distance 4 -294.8 54.57 151.46 0.000 
22 Forest, Water, Geographic Distance 5 -293.0 56.40 151.57 0.000 
23 Forest 3 -286.2 63.19 146.13 0.000 
24 Forest, Water  4 -284.3 65.07 146.21 0.000 
25 Geographic Distance 3 -281.5 67.87 143.78 0.000 
26 Water, Geographic Distance 4 -280.4 68.96 144.26 0.000 
27 Grassland, Geographic Distance 4 -279.5 69.89 143.80 0.000 
28 Grassland, Water, Geographic Distance 5 -278.8 70.57 144.49 0.000 
29 Intercept Only 2 -274.7 74.68 139.37 0.000 
30 Water 3 -273.6 75.80 139.82 0.000 
31 Grassland 3 -272.7 76.63 139.40 0.000 
32 Grassland, Water  4 -272.2 77.22 140.13 0.000 
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APPENDIX G. MODEL SELECTION TABLE OF 32 LINEAR REGRESSION 
MODELS THAT EXPLAINED THE VARIATION IN THE PROPORTION OF 
HIGHLY RELATED INDIVIDUALS (Rxy > 0.25) FOR 29 SITES WHERE 
WHITE-TAILED DEER WERE SAMPLED ACROSS IOWA 2010–2014 
Rank Parameters df AICc ΔAICc 
Log 
likelihood 
Akaike 
weight 
1 Deer Density, Forest 5 -146.4 0.00 79.50 0.172 
2 Deer Density, Forest, Grassland 6 -145.5 0.89 80.66 0.110 
3 Intercept 2 -145.2 1.20 74.82 0.095 
4 Grassland 3 -144.7 1.68 75.83 0.074 
5 Deer Density, Grassland 4 -144.0 2.42 76.82 0.051 
6 Grassland, Ecoregion 4 -143.8 2.60 76.73 0.047 
7 Forest 4 -143.8 2.61 76.72 0.047 
8 Deer Density, Forest, Ecoregion 6 -143.3 3.10 79.55 0.037 
9 Deer Density, Forest, Development 6 -143.2 3.17 79.52 0.035 
10 Development 3 -143.2 3.17 75.09 0.035 
11 Ecoregion 3 -143.1 3.27 75.04 0.034 
12 Deer Density 3 -143.1 3.28 75.03 0.033 
13 Forest, Ecoregion 5 -142.9 3.51 77.74 0.030 
14 Deer Density, Forest, Grassland, Development 7 -142.4 4.03 80.85 0.023 
15 Grassland, Development 4 -142.2 4.21 75.92 0.021 
16 Deer Density, Forest, Grassland, Ecoregion 7 -142.0 4.40 80.66 0.019 
17 Forest, Grassland 5 -141.5 4.88 77.06 0.015 
18 Forest, Grassland, Ecoregion 6 -141.5 4.93 78.64 0.014 
19 Deer Density, Grassland, Ecoregion 5 -141.3 5.08 76.96 0.012 
20 Deer Density, Grassland, Development 5 -141.0 5.34 76.83 0.012 
21 Forest, Development 5 -141.0 5.38 76.81 0.011 
22 Grassland, Development, Ecoregion 5 -140.9 5.51 76.74 0.011 
23 Deer Density, Development  4 -140.9 5.51 75.27 0.011 
24 Development, Ecoregion 4 -140.9 5.51 75.27 0.009 
25 Deer Density, Ecoregion 4 -140.5 5.92 75.07 0.006 
26 Deer Density, Forest, Development, Ecoregion 7 -139.8 6.56 79.58 0.006 
27 Forest, Development, Ecoregion 6 -139.7 6.68 77.76 0.003 
28 Deer Density, Forest, Grassland, Development, Ecoregion 8 -138.5 7.89 80.85 0.003 
29 Forest, Grassland, Development 6 -138.4 8.01 77.10 0.003 
30 Deer Density, Grassland, Development, Ecoregion  6 -138.1 8.27 76.97 0.003 
31 Deer Density, Development, Ecoregion 5 -138.0 8.39 75.30 0.003 
32 Forest, Grassland, Development, Ecoregion 7 -137.9 8.44 78.64 0.002 
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Abstract 
White-tailed deer (Odocoileus virginianus) are an economically important 
generalist game species that is widely distributed across North America. In the early 20
th
 
century, deer populations across the U.S. experienced near extirpation followed by rapid 
resurgence that resulted from translocation efforts in some areas. Using mitochondrial 
DNA (mtDNA) sequences of 1,742 deer from 101 sites in 15 states and 2 Canadian 
provinces, we tested two hypotheses to characterize range-wide patterns of mtDNA 
sequence diversity and spatial structure: 1) that, due to introduction of deer from 
multiple, oftentimes geographically disparate sources, mtDNA genetic diversity would be 
higher in deer populations where restoration was human-mediated compared to areas 
where deer populations recovered naturally; and 2) that, for the same reason, deer in areas
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 restored by translocation efforts would exhibit broad scale genetic similarity across large 
geographic distances. On average, most areas in the study exhibited high levels of 
diversity despite severe reduction in population numbers prior to recovery. Levels of 
diversity in some measures were higher in areas restored by translocation than those 
experiencing natural recovery. Our results suggest that translocation efforts affected 
recipient populations by leading to higher levels of diversity over time and increased 
genetic similarity between geographically distant deer populations relative to populations 
that naturally restored. Our understanding of the long-term influences of translocation on 
genetic diversity and structure in deer across their range would greatly benefit from the 
use of additional samples and genetic markers incorporating male-biased gene flow.      
 
Introduction 
White-tailed deer (Odocoileus virginianus) are a generalist species that is widely 
distributed across North America and parts of northern South America. They are 
economically important as one of the most abundant game species in the areas they 
inhabit. For example, during 2011, $18.1 billion was spent in the U.S. on deer hunting 
related expenses, including supplies and travel (U.S. Department of the Interior et al. 
2011). Like many large mammals in the U.S. and Canada, deer were highly abundant 
throughout their range at the beginning of the 19
th
 Century, but most populations were 
nearly extirpated by the beginning of the 20
th
 Century (Laliberte and Ripple 2004). 
Specifically, deer numbered around 12 million in the U.S. and Canada in 1800, but both 
market hunting and population reduction associated with extensive land use changes 
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contributed to their rapid decline to between 300,000–500,000 by 1900 (Adams and 
Hamilton 2011). 
In response to the large-scale decline of deer, the U.S. Government enacted 
protective legislation in the form of the Lacey Act of 1900, effectively banning market 
hunting (McDonald and Miller 2004). Around this same time period, state wildlife 
agencies were formed that concentrated on deer restoration efforts. These restoration 
efforts ranged widely from little or no hands-on management, where deer populations 
were left to recover on their own in some areas, to intensive restocking in others 
(McDonald and Miller 2004, Adams and Hamilton 2011). By the 1950s, over 46,000 deer 
had been moved primarily across state lines to augment deer populations across the U.S. 
(McDonald and Miller 2004, Adams and Hamilton 2011). As the result of state and 
federal protections combined with predator control and eradication, there was successful 
restoration of deer populations within about a 50-year time period (Adams and Hamilton 
2011).  
Despite the successful restoration of deer across their North American range, 
studies assessing genetic impacts of translocation efforts on diversity and structure of 
these restored populations have thus far focused on state and regional scales. Specifically, 
studies in the southeastern U.S. found higher levels of genetic diversity in deer 
populations restored by translocation than in populations that recovered naturally 
(Ellsworth et al. 1994a, 1994b, Leberg and Ellsworth 1999). After near extirpation of 
deer statewide, deer in Kentucky and Mississippi restored by translocation also exhibited 
high levels of genetic diversity which the authors attributed to a combination of several 
factors, including rapid expansion, population connectivity, and large effective 
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population sizes (DeYoung et al. 2003, Doerner et al. 2005). Generally, white-tailed deer 
in naturally restored populations also exhibited high levels of genetic diversity unless 
they were physically isolated from other deer populations (Cullingham et al. 2011, 
Hopken et al. 2015). 
These studies also concluded that deer populations linked by translocation events 
were genetically similar to each other independent of geographic proximity, suggesting 
that translocation increased genetic admixture among populations separated by large 
distances (Ellsworth et al. 1994a, Ellsworth et al. 1994b, Leberg and Ellsworth 1999, 
DeYoung et al. 2003). In southern states, genetic admixture of deer sampled across areas 
of Mississippi, Louisiana and Texas was attributed to the influence of restocking efforts 
that used deer from a similar source (Sumners et al. 2015). In contrast, deer populations 
that experienced natural recovery exhibited geographically-dependent genetic structure, 
with higher levels of genetic similarity exhibited by geographically proximal deer than 
those separated by greater distances (Leberg and Ellsworth 1999). 
In order to better understand the consequences of translocation efforts on genetic 
diversity and structure in white-tailed deer across their range, we used publicly-available 
data previously generated by other researchers to augment the hunter-harvested samples 
supplied to us by 11 states in the central U.S. to test 2 hypotheses. First, we hypothesized 
that translocation of deer, often from geographically distant sources, resulted in greater 
mitochondrial DNA (mtDNA) genetic similarity due to admixture of deer matrilines 
across their range than would be present if deer populations had recovered from local 
sources. Second, we hypothesized that, due to introduction of lineages from multiple, 
oftentimes geographically disparate sources, mtDNA genetic diversity of deer 
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populations would be higher where restoration was human-mediated compared to areas 
where deer recovered naturally. To address our hypotheses, we used information from 
MacDonald and Miller (2004) to divide deer populations in states and Canadian 
provinces into two categories; having recovered naturally (without translocation), or 
having recovered via human-mediated restoration (translocation). However, areas 
designated as having deer populations that naturally recovered may have been influenced 
by the interstate movement of deer by private parties, escape of deer from captive 
facilities, or dispersal between geographically proximate populations assigned to different 
categories. Moreover, in several cases, states may have had a mixture of areas where deer 
recovered naturally and areas where deer populations were augmented by translocation 
events. This makes the designation of states or provinces as part of a natural recovery 
subset problematic, and could result in dilution of differences between sampling areas 
based on translocation history. 
We used a portion of the maternally-inherited mtDNA d-loop to characterize 
broad scale, range-wide patterns of mtDNA sequence diversity and spatial structure in 
deer. Deer social structure is characterized by female philopatry encouraging related 
females to live in close proximity to each other, whereas young males are the primary 
dispersers (Hawkins and Klimstra 1970, Porter et al. 1991, Mathews and Porter 1993, 
Nelson and Mech 1999, Purdue et al. 2000, Long et al. 2008). Thus, female philopatry 
results in deer from the same matrilines clustering together on the landscape. In deer 
whose populations recovered naturally, mtDNA sequences would be expected to be 
similar among deer in close proximity, whereas, in deer populations that received 
translocations, mtDNA sequences from areas that were geographically separated would 
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be mixed together and would not necessarily exhibit a spatial pattern tied to geography. 
Unlike nuclear DNA, maternally-inherited mtDNA does not recombine, and is therefore 
undiluted by male-mediated gene flow and should retain a signature of translocation 
events over many generations of matrilines. As a result, genetic patterns related to 
translocation events should be more readily apparent in mtDNA than in nuclear markers 
(Van Den Bussche et al. 2009).  
 
Methods 
Sampling of White-Tailed Deer Across Their North American Range 
We selected from 2,290 samples of hunter-harvested deer provided to us from 
natural resource agencies in 11 Midwest states (Illinois, Indiana, Iowa, Kansas, 
Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota and Wisconsin). 
Concurrent data collection for each sample included: i) sex of deer; ii) age of deer (fawn, 
yearling or adult); and iii) location of deer harvested, either in UTMs, latitude and 
longitude, county, or deer management unit (ND only). Depending upon the spatial 
distribution of samples available to us from each state, we selected deer samples from 1 
to 39 sites per state, resulting in a total of 794 deer sequences generated by us (Table 3-
1). We supplemented these 794 sequences with an additional 948 white-tailed deer 
mtDNA d-loop sequences from studies throughout their range downloaded from 
GenBank (https://www.ncbi.nlm.nih.gov/genbank/) [n=1,742; Table 3-1] (Cullingham et 
al. 2011, Seltzer et al. 2011a, 2011b, 2011c, 2011d, Lang and Blanchong 2012, Hopken 
et al. 2015, Sumners et al. 2015). 
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Laboratory Methods 
We sequenced 794 deer (518 females and 276 males) at a 577-base pair portion of 
the mtDNA control region (d-loop) [forward primer: 5’-TCT CCC TAA GAC TCA AGG 
AAG -3’, reverse primer: 5’- GTC ATT AGT CCA TCG AGA TGT C-3’] (Genbank 
Accession M3587) [Miyamoto et al. 1990]. PCR reaction volumes were 25 µl and 
consisted of 12.5 µl of MyTaq
TM
 Red Mix (Bioline, London, UK), 1 µl each of 10 mM 
forward and reverse primers, and 2 µl of DNA at a working concentration of 25 ng/µl 
plus 8.5 µl of sterile distilled deionized water. We purified PCR products using ExoSAP-
IT® PCR Product Cleanup (Thermo Fisher Scientific, Santa Clara, CA, USA) according 
to the manufacturer’s instructions. The sequencing reaction was carried out using the 
reverse primer and fluorescently labeled dNTPS via capillary electrophoresis on an ABI 
3730xl DNA Analyzer (Applied Biosystems, Carlsbad, CA, USA) at the Iowa State 
University (ISU) Office of Biotechnology’s DNA Facility. We sequenced 14 individuals 
in both directions (forward and reverse) to verify that the targeted sequence was being 
amplified. Sequence data were visualized in Sequence Scanner v 2.0 (Applied 
Biosystems, Carlsbad, CA, USA) and edited by eye. All sequences were aligned using 
ClustalW (Thompson et al. 1994, 1997) in MEGA 5 software (Tamura et al. 2007, Kumar 
et al. 2008). Unique sequences were assigned haplotypes in DnaSP 5.10 software 
(Librado and Rozas 2009).  
To address our hypotheses, we split samples into 2 major datasets. The first 
dataset consisted of all possible samples of deer across their range and included the 
sequences we generated (n = 794) plus an additional 948 sequences available on 
GenBank (https://www.ncbi.nlm.nih.gov/genbank/) for a total of 1,742 sequences (Table 
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3-1). This full dataset consisted of sequences from 101 sampling areas in 15 states and 2 
Canadian provinces. We used information from McDonald and Miller (2004) to classify 
the deer populations in each of the 101 sampling sites as having recovered naturally (n = 
28) or via translocation (n = 73) [Figure 3-1]. We combined sample sites that we 
considered to represent the same deer population due to spatial proximity (Oregon and 
Washington) and that would include areas where limited sampling was available that 
could not represent populations at the state level (Indiana and Ohio; Minnesota and 
Wisconsin). We used this information to create 2 subsets of mtDNA sequences: i) 8 areas 
at the state or province level where deer populations experienced natural recovery (Table 
3-2); and ii) 6 areas at the state or province level where deer populations recovered via 
translocation (Table 3-3).  
 
Intraspecific Phylogenetics 
We built phylogenetic trees to visualize relationships among white-tailed deer 
haplotypes in the full dataset. We used a homologous outgroup sequence from 
Odocoileus hemionus (Genbank accession number FJ188901) [Latch et al. 2009]. 
Evolutionary models were chosen using the Bayesian information criterion (BIC) 
implemented in jModeltest 2.1.10 software (Darriba et al. 2012). For the full dataset, the 
best-fitting evolutionary model for nucleotide substitutions was HKY + I + G (Hasegawa 
et al. 1985). This selected evolutionary model was input into MrBayes 3.2.6 (Ronquist et 
al. 2012), which uses Bayesian inference to generate a consensus tree representing 
phylogenetic relationships among haplotypes (Hall 2011). For the generated consensus 
tree, we conducted 2 independent runs of 4 Markov Chain Monte Carlo (MCMC) chains 
89 
 
 
8
9
 
 
simultaneously run for the number of generations necessary to reach convergence of tree 
topologies with a burnin period of 3,000,000 generations. To determine convergence of 
tree topologies generated by the 4 independent MCMC chains, we calculated the average 
standard deviation of data points among MCMC chains, log likelihoods, and the potential 
scale reduction factor from the initial MCMC run of each chain. Trees were sampled 
every 100 generations. We calculated a Bayesian consensus tree and posterior 
probabilities by discarding the first 25% of trees as a burnin period and then visualized 
the consensus tree in FigTree software 1.4.2 (Rambaut 2014).  
For the full dataset, a median joining haplotype network (Bandelt et al. 1999) was 
generated using PopArt 1.7 software (Leigh and Bryant 2015) to visualize relationships 
among the haplotypes and their frequencies. Haplotypes occurring in only 1 deer were 
not included for network clarity. We varied the value of epsilon (ε = 0 and ε = 10) to 
ensure the best possible network was produced. Haplotypes clustering together and 
separated from other haplotypes by at least 8 mutations were grouped together into 
haplotype groups (haplogroups) [Templeton et al. 1992].  
 
Influence of Recent Demographic History on Mitochondrial DNA Genetic Similarity 
 
We calculated pairwise geographic and genetic distances (ϕST) among areas in the 
full dataset. We used these genetic distances to test for correlation between genetic and 
natural log transformed geographic distances (isolation by distance (IBD); Wright 1943) 
using the mean geographic center of sites within a state or province in all 3 datasets (full 
dataset, translocation dataset, and natural recovery dataset) using Mantel tests with 999 
permutations (Mantel 1967). Genetic distances (ϕST) were calculated in Arlequin 3.5 
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software (Excoffier and Lischer 2010) and Mantel tests were performed using the 
program PASSaGE 2 (Rosenberg and Anderson 2011). For the full dataset, we used a 
partial Mantel test to examine the influence of translocation on genetic distance among 
pairs of sampling areas after controlling for geographic distance using the program 
PASSaGE 2. We used information from McDonald and Miller (2004) to construct a 
pairwise binary matrix, with values of 0 representing pairs of sites that shared a 
translocation history and values of 1 representing pairs of sites that did not share a 
translocation history. If translocation events resulted in admixture of geographically 
distant haplotypes, then there should be a significant negative relationship between 
translocation and genetic distance. We also compared the distribution of pairwise genetic 
distances between sites connected and not connected by translocation, and compared 
mean genetic distances of sites in the translocation dataset with those in the natural 
recovery dataset. 
 
Influence of Recent Demographic History on Mitochondrial DNA Diversity 
 
 We used the 2 subsets of data described above to examine whether translocation 
efforts resulted in higher mtDNA diversity in states restored by translocation than that 
found in states and provinces with natural recovery of deer populations. We conducted 
Mann-Whitney U tests between areas restored by translocation and those of natural 
recovery to determine if there was a difference in number of haplogroups and haplotypes 
and haplotype and nucleotide diversity per data subset. To determine if sample size 
variation among states introduced bias in diversity measures, we used individual 
rarefaction (Colwell et al. 2012) in the program PAST 3.16 (Hammer et al. 2001) to 
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compare the number of haplotypes and haplogroups between the two subsets of data 
based on the smallest sample size of 20 individuals in South Dakota. We also calculated 
allelic richness of haplotypes using rarefaction (El Mousadik and Petit 1996) in the 
program Contrib (Petit et al. 1998). We conducted Kolmogorov-Smironov tests to 
determine if there were statistically significant differences between areas restored by 
translocation and those that naturally recovered on all data subjected to rarefaction. We 
calculated mean haplotype and nucleotide diversity and their standard deviations to 
calculate 95% confidence intervals in DNAsp 5.10 (Librado and Rozas 2009). We then 
pooled samples regardless of geographic location into the full dataset and the natural 
recovery subset and calculated mean diversity measures. Means whose 95% confidence 
intervals did not overlap were considered significantly different.  
 
Results 
Summary Statistics 
 For the 577 base pairs of the d-loop of mtDNA, we identified 157 polymorphic 
sites and 79 instances of insertion/deletions. For the full dataset, 1,742 individuals were 
sampled from 15 states and 2 Canadian provinces (Figure 3-1). For the 101 sampling 
sites across 15 states and 2 Canadian provinces, the number of deer sequenced per 
sampling site ranged from 2–183 (mean ± SD: 17.3 ± 24). At the state or province level, 
the number of deer that were sequenced per sampling area ranged from 20–556 (mean ± 
SD: 124.4 ± 142.2) [Tables 3-2 & 3-3]. Variation in sample size among areas did not 
have a statistically significant effect on measures of genetic diversity (haplotype 
diversity: R
2
 = 0.004, p = 0.83; nucleotide diversity: R
2
 = -0.05, p = 0.53). 
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Intraspecific Phylogenetics 
For the full dataset, we identified 160 mtDNA haplotypes. The median joining 
network resolved clusters of haplotypes that were very closely related to one another 
(differed by only 1-2 mutations). We grouped clusters of haplotypes separated by at least 
8 mutations and consisting of >1 haplotype from other clusters into haplogroups (n = 16). 
The number of haplotypes identified per state or province ranged from 4–58 and the 
number of haplogroups identified per state or province ranged from 1–9 (Tables 3-2 & 3-
3). The Bayesian consensus tree for the full dataset based on the HKY + I + G 
evolutionary models revealed no geographic clustering among closely related haplotypes 
(Figure 3-2).  
For deer sampled in areas restored by translocation, we identified 134 mtDNA 
haplotypes comprising 16 haplogroups. For deer sampled in areas of natural recovery, we 
identified 57 mtDNA haplotypes comprising 9 haplogroups. The majority of haplotypes 
in the natural recovery (n=45; 80.0%) and translocation (n=89; 66.4%) datasets belonged 
to 1 of 3 major haplogroups that were geographically widespread across sampling areas 
(dark purple, green and neon blue; Figure 3-3).  
 
Influence of Recent Demographic History on Mitochondrial DNA Genetic Similarity 
 
For the full dataset (r = 0.500; p = 0.005) and the natural recovery subset (r = 
0.538; p = 0.007), there was a significant relationship between pairwise genetic distance 
and geographic distance (IBD). In contrast, there was no significant IBD in the 
translocation subset (r = 0.200; p = 0.164). The partial Mantel testing the relationship 
between pairs of areas connected by translocation and pairwise genetic distance indicated 
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that areas connected by translocation tended to be more genetically similar (r = -0.200; p 
= 0.035) than those not connected by translocation. Mean genetic distance between areas 
in the translocation dataset (0.112 ± 0.069; 95% CI: 0.083–0.141) was statistically 
significantly lower than mean genetic distance between areas in the natural recovery 
dataset (0.279 ± 0.204; 95% CI: 0.228–0.329).  
 
 
Influence of Recent Demographic History on Mitochondrial DNA Diversity 
 
Haplotype diversity (W = 17; p = 0.414), number of haplotypes (W = 15.5; p = 
0.299), and number of haplogroups (W = 12.5; p = 0.150) of deer from areas with natural 
recovery were not significantly different from those from areas restored by translocation. 
In contrast, nucleotide diversity of deer from areas with natural recovery was statistically 
significantly lower than those from areas restored by translocation (W = 6.5; p = 0.028). 
After correction for sample sizes via rarefaction, number of haplotypes (D = 0.542; p = 
0.267), number of haplogroups (D = 0.625; p = 0.137), and allelic richness (D = 0.542; p 
= 0.267) of deer from areas with natural recovery were not statistically significantly 
different from those from areas restored by translocation. When individuals were pooled 
independent of recovery history, mean haplotype and nucleotide diversity of the full 
dataset was statistically significantly higher than that of individuals from sites with 
natural recovery (Table 3-3).  
 
Discussion 
Widespread deer translocation efforts during the 20
th
 century in the contiguous 
U.S. should have caused admixture of matrilines across broad spatial scales if they 
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resulted in subsequent breeding events, providing the basis for our hypotheses of 
increased genetic diversity and genetic admixture in areas restored by translocation. Our 
baseline for comparison was naturally recovered populations of deer that should reflect 
post-extirpation levels of genetic diversity and structure unaltered by influences of 
translocation. Levels of mtDNA diversity and genetic structure were compared among all 
sampling areas, areas restored by translocation, and areas that (presumably) recovered 
naturally. We found evidence that translocation resulted in admixture and increased 
genetic similarity of populations across North America, and higher levels of genetic 
diversity in some, but not all, measures. 
As discussed in the introduction, the designation of sampling areas as part of a 
“natural” subset, even at the state level, is problematic for several reasons related to deer 
movement. Widespread interstate movement of deer by private businesses involved in the 
captive deer industry was common prior to regulatory action (Miller and Thorne 1993), 
and is still allowed between some states. Interstate transport of individuals and semen or 
escape of deer from captive facilities (Lanka and Guenzel 1991, Demarais et al. 2002, 
WDNR 2003) could temper the effects of translocation on range-wide genetic structure in 
deer by increasing levels of genetic similarity among areas not sharing the same 
translocation history. Moreover, there may have been areas where natural restoration took 
place and areas where human-mediated restoration of deer populations took place in the 
same state. However, despite this major limitation, several of our findings suggest that 
translocation has influenced mtDNA genetic structure across the range of white-tailed 
deer.  
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The phylogenetic tree based on the full dataset exhibited a range of haplotypes 
and haplogroups distributed widely across many different, sometimes distant, geographic 
locations. This may, in part, be the result of incomplete documentation of translocation 
efforts, as some of the states included in our study (Missouri and Ohio) received between 
100–1000 deer from unknown sources (McDonald and Miller 2004). For populations 
connected by translocation events, we would expect genetic clustering of areas that were 
geographically distant on the phylogenetic tree based on the full dataset. In Mississippi, 
deer populations connected by translocation events were more genetically similar than 
those that naturally restored based on microsatellite genetic distance (DeYoung et al. 
2003). In contrast, other than several clusters comprised of Louisiana and Mississippi, 
which were known to be directly connected via translocation events (McDonald and 
Miller 2004), we observed no obvious pattern on the phylogenetic tree pointing to 
relationships between areas of translocation. In addition to lack of records of 
translocation events, there is a paucity of specific information regarding sex and age of 
translocated individuals. If males representing outside lineages were translocated into an 
area, no genetic signature would be reflected in the maternally inherited mtDNA marker 
we used for this study. Overall, this lack of spatial structure in haplotypes and 
haplogroups is consistent with restoration via translocation of multiple and 
geographically disparate sources of deer.  
Connection of populations by translocation history rather than geographic 
distance explained pairwise genetic similarity, which may result from the combination of 
translocated and resident deer in sampling areas restored by translocation efforts (Pitra 
and Lutz 2005). Similar results were found in southeastern deer populations, where pairs 
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of areas connected by translocation exhibited higher genetic similarity than those not 
connected (Leberg et al. 1994). This was also suggestive of differences in genetic 
structure between deer that were naturally recovered and those that were restored by 
translocation (Leberg et al. 1994).  
If translocation had no effect on genetic similarity between areas, then the 
philopatric nature of female deer should contribute to a pattern where genetic similarity 
decreases with increasing geographic distance, or isolation by distance (IBD) [Wright 
1943]. The lack of IBD in areas restored by translocation and corresponding IBD in areas 
where deer recovered naturally suggests that translocation influenced deer population 
genetic structure across their range. Similar results were found by DeYoung et al. (2003) 
using microsatellites, who found no IBD in Mississippi deer in areas connected by 
translocation and found IBD in areas of Texas, Oklahoma, and Mississippi not connected 
by translocation. In European sika deer, lack of IBD in reintroduced populations was 
thought to result from the presence of source and recipient populations of translocated 
deer in the dataset (Pitra and Lutz 2005).  
Despite drastic reductions in population size at the beginning of the 20
th
 century, 
no prolonged negative effects are reflected in levels of diversity in the majority of our 
study areas. Instead, the biology and ecology of white-tailed deer likely served to temper 
the effect of severe size reduction and contributed to the high levels of diversity we found 
in nearly all of our study areas. Deer have the ability to reproduce quickly due to rapid 
attainment of sexual maturity and can have up to 3 offspring annually (DeYoung 2011), 
both of which contribute to population increases over relatively short time periods key to 
minimizing negative impacts associated with bottleneck events. Additionally, deer are 
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highly vagile and able to move long distances, which can result in gene flow across large 
geographic scales. Previous studies in white-tailed deer populations in Mississippi and 
Kentucky found high levels of nuclear genetic diversity in deer restored via translocation 
which were attributed to rapid population expansion and high population connectivity 
promoting gene flow (DeYoung et al. 2003). Similarly, in European rabbits (Oryctolagus 
cuniculus) experiencing sequential founder events, retention of high levels of nuclear 
genetic diversity was attributed to their ability to rapidly increase in population size 
(Zenger et al. 2003).  
Some of our analyses supported our hypothesis that translocation efforts resulted 
in higher levels of mtDNA diversity in those deer populations relative to what was 
observed in populations that recovered naturally. When deer were pooled regardless of 
geographic location, there was lower haplotype and nucleotide diversity after areas 
restored by translocation were removed from the dataset. Similarly, southeastern deer 
populations restored by translocation exhibited high levels of haplotype diversity when 
compared to naturally recovered populations (Ellsworth et al. 1994a, 1994b, Leberg and 
Ellsworth 1999, DeYoung et al. 2003, Doerner et al. 2005). We also found higher mean 
nucleotide diversity in areas restored by translocation than in those that recovered 
naturally. Although there were more haplogroups identified in the translocation dataset (n 
= 16) than the natural recovery dataset (n = 9), neither mean number of haplotypes nor 
mean number of haplogroups differed between the two, even when sample size 
differences were taken into account. Absence of a difference could indicate a loss of low 
frequency, unique haplotypes during bottlenecks in source populations and the 
combination of bottlenecks and founder events following translocation in recipient 
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populations. In another widespread game species with a similar history of extirpation and 
recolonization, recipient populations of black bears (Ursus americanus) experienced 
extinction of low frequency alleles in both source and recipient populations due to 
bottleneck and founder events (Puckett et al. 2014). This lack of difference in mean 
numbers of haplogroups and haplotypes could also indicate anthropogenic influences on 
our natural recovery dataset, which might include interstate transport of deer or 
undocumented translocation events.  
Widespread translocation of deer in the early 20
th
 century resulted in the mixing 
of what was thought to be approximately 17 subspecies of white-tailed deer inhabiting 
areas characterized by different habitat features (McDonald and Miller 2004). These 
subspecies differed in phenotype (McDonald and Miller 2004) and likely in habitat 
selection. Habitat selection and environmental characteristics have direct impacts on 
fitness, especially of female deer. Habitat selection is learned (Wolf et al. 2008), and 
mtDNA haplogroups have been specifically linked to learned behaviors, such as 
migration, in mule deer (O. hemionus) [Northrup et al. 2014].  For example, individual 
traits affecting fitness, including litter size and fawn birth date, have been linked to 
habitat selection in female roe deer (Capreolus capreolus) [Nilsen et al. 2004], and 
environmental factors (temperature and precipitation) in white-tailed deer habitats 
(Wolcott et al. 2015). In ungulates, fawns born earlier in the summer have a selective 
advantage in that they can forage for a longer period than those born later in the season, 
resulting in higher body mass, increased survivorship, and larger antlers (Sumners et al. 
2015). When animals are moved away from natal areas of learned habitat selection to 
novel environments during translocation, they may not be able to readily adapt to local 
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conditions (Nielsen et al. 2013), and this could result in decreased fitness (Lenormand 
2002) and alter expected population demographic parameters (Plard et al. 2014). For 
example, negative fitness effects due to outbreeding have been found in translocated 
grizzly bears in Alberta, Canada, suggesting evolutionary consequences of translocation 
(Shafer et al. 2014). To date, there is no scientific evidence of negative fitness effects of 
translocation on white-tailed deer, but recent studies in deer have attributed discordant 
parturition timing to admixture of locally-adapted matrilines during translocation 
(Sumners et al. 2015). Other studies have found both genetic and environmental 
influences on reproductive timing that influenced offspring body size and genetic 
differences in disease resistance in deer from different geographic locations (Jacobson 
and Lukefahr 1998). Changes in environmentally sensitive traits such as these as the 
result of movement of individuals during translocation events may have important 
consequences for individual fitness and demographic characteristics of deer populations 
as well as management practices.  
A continuous distribution of deer samples over the entire species distribution was 
impossible due to lack of available samples. Future studies should focus sampling efforts 
on areas including the eastern and western U.S. and eastern Canada in order to provide a 
detailed understanding of the role of historical biogeography on current patterns of 
mtDNA phylogeography of deer across their range. Additionally, a more comprehensive 
understanding of deer genetic diversity and structure requires the use of multiple genetic 
markers to more appropriately interpret patterns of intraspecific genetic diversity and 
structure. MtDNA and nuclear DNA differ in modes of inheritance, effective population 
sizes, and evolutionary history, all of which should result in different levels of genetic 
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structure and distribution on broad and local scales (Avise 1995). In addition, deer are 
characterized by male-biased dispersal, which could lead to incongruent results between 
maternally-inherited mtDNA and biparentally inherited nuclear markers (Simonsen et al. 
1998).  
The use of both nuclear and mtDNA markers in conjunction with more extensive 
sampling efforts would provide researchers with the ability to more thoroughly explore 
influences of ecological factors and recent demographic history on deer genetic structure 
and connectivity on a range-wide basis. For example, in European roe deer, a widely 
distributed and hunted game species, comparison of mtDNA with nuclear markers 
resulted in concordant results, but the authors concluded that nuclear markers were more 
informative than mtDNA for understanding recent population events, including 
translocation (Randi et al. 2004). In contrast, studies on European red deer (Cervus 
elaphus), reported higher levels of genetic structure in nuclear markers that were 
discordant with results from that of previous studies using mtDNA markers (Zachos et al. 
2016).  
Results of studies on widespread game species experiencing contraction based on 
hunting pressure and subsequent expansion are useful in understanding how this specific 
history affects other similarly situated species (Scandura et al. 2008). Many other 
widespread taxa that included game species, such as black bears, were also extirpated 
across much of their range by the late 19
th
 Century (Laliberte and Ripple 2004). Indeed, 
the genetic structure and diversity of such widespread game species are fundamentally 
influenced by translocation, and this history is an integral part of understanding 
contemporary biological and ecological traits (Zachos et al. 2016). Our study therefore 
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provides a baseline for future examination of genetic structure and diversity of white-
tailed deer on a range-wide scale.  
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Figure 3-1. Locations for 1,742 white-tailed deer sampled at 101 sites (pink) in 15 states 
and 2 Canadian provinces in North America. The 982 samples comprising the 
translocation dataset were collected from states depicted in blue. The 760 samples 
comprising the natural recovery dataset were collected from states depicted in tan. 
Assignment of states to translocation or natural recovery follows McDonald and Miller 
(2004). 
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Figure 3-2. Phylogenetic tree depicting the relationships among white-tailed deer 
haplotypes (individual branches) sampled throughout their range in the United States and 
Canada. Colors on the tree and surrounding the text correspond to 16 groups of related 
haplotypes (haplogroups) and match those in Figure 3-3. Tan boxes and associated 
sampling areas represent states or Canadian provinces where deer populations recovered 
naturally, and blue boxes and associated sampling areas represent state where deer 
populations were restored via translocation efforts following McDonald and Miller 
(2004). Other than clustering of some of the haplogroups sampled in Louisiana and 
Mississippi, the tree failed to reveal geographic clustering of related haplotypes. 
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Figure 3-3. Distribution of haplogroups (mtDNA genetic lineages; depicted by different 
colors) across the study area.  The purple, green and neon blue haplogroups were the 
most common lineages found in white-tailed deer in areas from which we had data across 
the U.S. and Canada. Colors correspond to those in Figure 3-2. 
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Table 3-1. Sources of sequences of the mitochondrial d-loop of 
white-tailed deer. Location and sample size (n) are listed for each 
source. 
Sampling Location Source n 
Alberta, Canada Cullingham et al. (2011) 194 
Saskatchewan, Canada Cullingham et al. (2011) 241 
Louisiana, USA Sumners et al. (2015) 62 
Mississippi, USA Sumners et al. (2015) 245 
Ohio, USA Seltzer et al. (2011) 23 
Oregon, USA Hopken et al. (2015) 44 
Oregon & Washington, USA Hopken et al. (2015) 72 
Wisconsin, USA Lang and Blanchong (2012) 75 
Iowa, USA This study 556 
Illinois, USA This study 44 
Indiana, USA This study 3 
Kansas, USA This study 34 
Minnesota, USA This study 9 
Missouri, USA This study 24 
North Dakota, USA This study 24 
Nebraska, USA This study 37 
Ohio, USA This study 25 
South Dakota, USA This study 20 
Wisconsin, USA This study 10 
Total   1742 
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Table 3-2. Areas where white-tailed deer were sampled across their in states or Canadian provinces where deer populations naturally recovered.  For each area, number of 
individuals (n), number of haplotypes (nhaps), number of haplotypes adjusted to the smallest sample size of n = 20 (nhaps(RARE)), number of haplogroups (ngroups), number of 
haplogroups adjusted to the smallest sample size (ngroups(RARE)), and haplotype allelic richness are listed. Measures of genetic diversity (±standard deviation (SD)) and 95% 
confidence intervals for the mitochondrial d-loop (mtDNA) were calculated for each sampling area, including haplotype diversity (Hd) and nucleotide diversity (π).  Fs and SSD 
were also calculated for each state or region (* = significant p-value). Dashes (-----) indicate incomplete diversity required for calculation of the statistic or failure of the MCMC to 
converge in ARLEQUIN software.  
Sampling Location Site n nhaps nhaps(RARE) ngroups ngroups(RARE) Hd (SD) π (SD) Allelic Richness 
Alberta, Canada 1 194 19 8.4 5 3.6 0.787 (0.027) 0.022 (0.002) 7.4 
Saskatchewan, Canada 2 241 26 10.0 6 4.0 0.860 (0.017) 0.026 (0.002) 9.0 
Kansas 3 34 18 13.8 8 6.6 0.961 (0.014) 0.031 (0.004) 12.8 
Minnesota & Wisconsin 4 94 17 9.6 4 3.6 0.881 (0.020) 0.023 (0.001) 8.6 
Nebraska 5 37 15 11.3 5 4.0 0.928 (0.020) 0.025 (0.004) 10.3 
North Dakota 6 24 11 9.8 2 2.0 0.873 (0.046) 0.011 (0.003) 8.8 
Oregon & Washington 7 116 4 3.9 1 1.0 0.695 (0.000) 0.002 (0.000) 2.9 
South Dakota, USA 8 20 11 11.0 3 3.0 0.921 (0.037) 0.020 (0.004) 10.0 
Total 
 
760 
       
Mean                                        
(SD)                                      
(95% CI)   
95            
(8.5) 
13.7                                
(6.7)           
(9.4–18.2) 
9.7                                         
(2.7)           
(7.9–11.6) 
3.9                   
(2.4)           
(2.3–5.4) 
3.5                     
(1.5)             
(2.4–4.5) 
0.863                                
(0.080)          
(0.808–0.919) 
0.020                              
(0.009)            
(0.014–0.026) 
8.7                         
(2.7)            
(6.9–10.6) 
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Table 3-2. Continued 
       
  
Sampling Location Site 
Fs                                         
(p-value) 
SSD                            
(p-value) 
      Alberta, Canada 1 7.5(0.927) 0.047(0.49) 
      Saskatchewan, Canada 2 5.9(0.883) 0.037(0.03*) 
      Kansas 3 0.5(0.605) ------ 
      Minnesota & Wisconsin 4 5.6(0.920) 0.022(0.07) 
      Nebraska 5 1.8(0.775) ------ 
      North Dakota 6 -0.8(0.349) 0.021(0.20) 
      Oregon & Washington 7 2.0(0.853) 0.005(0.039*) 
      South Dakota, USA 8 0.7(0.634) ------ 
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Table 3-3. Areas where white-tailed deer were sampled across their range in states where deer populations were restored by translocation.  For each area, number of individuals 
(n), number of haplotypes (nhaps), number of haplotypes adjusted to the smallest sample size of n = 20 (nhaps(RARE)), number of haplogroups (ngroups), number of haplogroups adjusted 
to the smallest sample size (ngroups(RARE)), and haplotype allelic richness are listed. Measures of genetic diversity (±standard deviation (SD)) and 95% confidence intervals for the 
mitochondrial d-loop (mtDNA) were calculated for each sampling area, including haplotype diversity (Hd) and nucleotide diversity (π).  Fs and SSD were also calculated for each 
state or region (* = significant p-value). Dashes (-----) indicate incomplete diversity required for calculation of the statistic or failure of the MCMC to converge in ARLEQUIN 
software.  
Sampling Location Site n nhaps nhaps(RARE) ngroups ngroups(RARE2) Hd (SD) π (SD) Allelic Richness 
Illinois 9 44 12 8.1 4 3.8 0.853 (0.027) 0.023 (0.002) 7.1 
Indiana & Ohio 10 51 27 13.7 6 5.8 0.947 (0.016) 0.049 (0.004) 12.7 
Iowa 11 556 58 13.7 9 4.0 0.951 (0.003) 0.027 (0.001) 12.7 
Louisiana 12 62 11 6.6 5 3.8 0.792 (0.031) 0.030 (0.001) 5.6 
Mississippi 13 245 44 12.8 8 6.1 0.927 (0.010) 0.049 (0.001) 11.8 
Missouri 14 24 15 13.4 5 4.7 0.953 (0.025) 0.029 (0.002) 12.4 
Total   982   4.7           
Mean (SD)                                          
(95% CI)   
163.7 
(190.4) 
23.9 (18.5)                           
(10.2–37.6) 
11.4 (2.9)                          
(9.1–13.7) 
5.6 (2.4)                            
(3.8–7.3) 
4.7 (0.9)                          
(3.9–5.5) 
0.904 (0.061)                            
(0.855–0.952) 
0.035 (0.012)                  
(0.026–0.043) 
10.4 (0.011)            
(8.1–12.7) 
        
  
Table 3-3. Continued 
         
Sampling Location Site 
Fs                                         
(p-value) 
SSD                                         
(p-value) 
      
Illinois 9 4.8(0.940) 0.054(0.000*) 
      
Indiana & Ohio 10 0.8(0.663) 0.016(0.071) 
      
Iowa 11 -1.7(0.450) 0.019(0.010*) 
      
Louisiana 12 12.1(0.990) 0.104(0.000*) 
      
Mississippi 13 5.6(0.852) 0.028(0.010*) 
      
Missouri 14 -0.1(0.499) 0.027(0.000*) 
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Table 3-4. Measures of genetic diversity (±standard deviation (SD)) for deer populations 
sampled at 101 sites across North America that either naturally recovered ("Natural 
Recovery") or were restored via translocation ("Translocation"). For each dataset, number 
of sampling sites (nsites), number of individuals (n), measures of genetic diversity ± SD 
and 95% confidence intervals (haplotype diversity (Hd) and nucleotide diversity (π)) are 
summarized .  
Sample nsites n nhaps ngroups 
Hd (SD)                                             
(95% CI) 
π (SD)                                  
(95% CI) 
All individuals 
 
101 
 
1742 
 
160 
 
16 
0.965 (0.002)                                   
(0.9649–0.9651) 
0.038 (0.001)                              
(0.038–0.038) 
Natural Recovery 
 
28 
 
760 
 
57 
 
8 
0.916 (0.006)                              
(0.9157–0.9164) 
0.024 (0.001)                            
(0.024–0.024) 
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CHAPTER 4. GENETIC SIMILARITY OF URBAN AND RURAL WHITE-
TAILED DEER IN IOWA 
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Abstract 
White-tailed deer (Odocoileus virginianus) are habitat generalists that thrive in 
urban environments, exhibiting low mortality and high fecundity resulting in rapid 
increases in population sizes. Overabundant populations of deer in urban areas pose a 
unique problem for managers due to their high potential for nuisance and social and 
political pressures due to the diversity of stakeholders involved. Deer hunting strategies 
can reduce such pressures by employing localized removal of matrilines, but such 
localized management is predicated on isolation of deer populations from immigration to 
maintain density reductions. We compared population genetic characteristics, including 
measures of genetic diversity and relatedness, and estimated genetic connectivity 
between urban and rural deer using microsatellite genotypes of deer in two urban and 
adjacent rural sites in Iowa. We found high levels of genetic diversity in all sites which is 
likely facilitated by the high reproductive capacity and resulting large effective 
population size of white-tailed deer. The urban Davenport site was characterized by 
higher proportions of distantly and closely related deer and a negative inbreeding 
coefficient, providing evidence for stronger matrilineal structuring than in the rural 
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Davenport site. In contrast, the urban Cedar Rapids site exhibited a higher proportion of 
closely related individuals, and no evidence of stronger matrilineal structuring than in the 
rural Cedar Rapids site. Additionally, we found minimal genetic differentiation between 
paired urban and rural sites. We were also unable to definitively identify any sampled 
individuals as resulting from either rural or urban sites. These findings indicate that there 
are high rates of movement between urban and adjacent rural deer populations. Our 
results suggest that the success of localized management involving removal of matrilines 
in urban areas to decrease deer densities may be counteracted by immigration from 
adjacent rural deer.  
 
Introduction 
Urban areas are among the fastest growing population centers in the world, 
harboring more than 50% of the global (United Nations 2008) and approximately 80% of 
the U.S. (Pickett et al. 2008) human populations. As urban areas grow, biodiversity is 
reduced when available wildlife habitats shrink as the result of anthropogenic land use 
changes (McKinney 2002, 2006, Fischer and Lindenmayer 2007). Although specialist 
species may suffer negative consequences of isolation due to land use change, generalist 
species thrive in the unique ecological niches characteristic of the urban environment 
(Marvier et al. 2004, McKinney 2006, Ortega-Álvarez and MacGregor-Fors 2009, Sorace 
and Gustin 2009), resulting in increases in abundance, reproductive rates, and longevity 
(McCleery 2010) relative to their rural counterparts. White-tailed deer (Odocoileus 
virginianus) are one such generalist species that benefits from abundant food sources and 
low hunting and predation mortality in urban areas (Kilpatrick and Spohr 2000b, Etter et 
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al. 2002, Grund et al. 2002, DeStefano and DeGraaf 2003). Resultant increases in 
fecundity and survivorship (Warren 1997) lead to high population densities and survival 
rates in urban deer (Kilpatrick and Spohr 2000a, b, Etter et al. 2002, Grund et al. 2002, 
Porter et al. 2004, Harveson et al. 2007, Hygnstrom et al. 2011, Kilpatrick et al. 2011, 
Messner 2011, Urbanek et al. 2011, Walter et al. 2011). High urban deer densities result 
in conflicts with humans, including damage to plants and personal property and increased 
risk of disease transmission (Butfiloski et al. 1997, Côté et al. 2004, Gkritza et al. 2010, 
Franklin et al. 2013, Kilpatrick et al. 2014). Therefore, overabundant populations of deer 
in urban areas pose a unique problem for managers, not only because of their high 
potential for nuisance, but also social and political pressures due to the diversity of 
opinions held by stakeholders involved (Storm et al. 2007, Rudolph et al. 2011). Deer 
hunts are the most cost-effective way to manage urban deer nuisance issues (Deblinger et 
al. 1995), and concentration of culling at smaller spatial scales can alleviate political 
pressures when fewer stakeholders are involved (Crawford et al. 2018).  
In deer populations, philopatry encourages close spatial proximity of social 
groups of related females (Hawkins and Klimstra 1970, Porter et al. 1991, Nelson and 
Mech 1999). Female urban deer exhibit high levels of home range overlap (22–77%) 
[Comer et al. 2005] and lower dispersal rates (6–14%) [Etter et al. 2002, Porter et al. 
2004] than those found in agriculturally intensive landscapes (20–50%) [Nixon et al. 
1991, Clements et al. 2011, Anderson et al. 2015], and similar to or lower than those in 
forested and riparian landscapes (13–22%) [Hawkins et al. 1971, Nelson and Mech 
1987]. Landscape factors unique to the urban environment, including higher densities of 
high-traffic roads, may also inhibit movement between urban and rural deer by acting as 
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complete or partial barriers to dispersal. For example, telemetry studies on urban deer in 
Chicago, Illinois, confirmed that major interstates served as barriers to dispersal (Etter et 
al. 2002). Low levels of dispersal and high site fidelity of deer in urban areas could lead 
to genetic isolation from adjacent rural populations, decreasing levels of genetic 
similarity between urban and rural deer. Moreover, the combination of increased female 
survivorship (DeNicola et al. 2008), smaller home ranges (Cornicelli et al. 1996), high 
site fidelity (Cornicelli et al. 1996, Porter et al. 2004), low rates of dispersal, and female 
philopatry result in urban deer populations that exhibit strong matrilineal structuring 
(Blanchong et al. 2013, Crawford et al. 2018).  
Populations in which selective hunting pressure targets males exhibit younger age 
structure of males and a female-biased sex ratio (Milner et al. 2007). Unhunted urban 
deer populations have female-biased sex ratios, and therefore urban hunts usually target 
females with the goal of reducing recruitment into populations (DeNicola et al. 2008). 
One consequence of females being targeted during urban hunts is that low hunting 
pressure on males results in broader age structuring in males than females in urban 
populations. In this case, breeding opportunities of young males would be reduced due to 
competition with older, dominant males (Sorin 2004, Irvin 2011), leading to older males 
siring more offspring (Sorin 2004, DeYoung et al. 2009, Irvin 2011). The combination of 
male-biased dispersal with female philopatry can minimize loss of genetic diversity if 
unrelated males breed exclusively with one group, creating localized genetic 
differentiation among related female groups (Chesser 1991a, Storz 1999). In contrast, if 
high densities of deer in urban areas result in spatial overlap of unrelated matrilines 
(Laseter 2004, Weckel 2012), male mating among matrilines could increase gene flow 
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among social groups, resulting in decreases in genetic substructure related to philopatry. 
Additionally, high deer densities result in large effective population sizes that contribute 
to the maintenance of high levels of genetic diversity in deer populations (DeYoung 
2011). In summary, social structure, male-biased dispersal, and high population densities 
should counteract any potential negative effects of isolation in urban deer populations 
(Blanchong et al. 2013). Moreover, if deer in urban and adjacent rural sites are connected 
by gene flow, then this would contribute to the maintenance of genetic diversity in urban 
deer. 
Based on close spatial proximity of related deer and low amounts of movement by 
females in urban environments, one approach to controlling deer population densities is 
the selective removal of specific matrilineal groups through localized management 
(Porter et al. 1991, Porter et al. 2004). However, the long-term effectiveness of localized 
management relies on demographic isolation of urban deer from their rural counterparts 
(Porter et al. 1991, Porter et al. 2004). If deer are moving back and forth across the urban-
rural gradient at high rates, then individuals will be included in more than one 
management plan, which can be problematic for determining hunting quotas (Porter et al. 
2004), and presents a challenge for other management issues such as disease control 
(Oyer et al. 2007, Webb et al. 2010) and culling of specific individuals exhibiting 
nuisance behavior (Rhoads et al. 2010).  
In Iowa, urban deer hunts were established to address growing concerns regarding 
the impact of high deer densities on communities, and are currently permitted in 15 cities 
across the state (IDNR 2012). Urban deer management strategies are tailored to each 
specific community, and include restrictions on type and number of individuals 
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harvested, the length or presence of a hunting season, and the form of control (IDNR 
2012). Population genetic studies alone or in concert with telemetry studies can be used 
to infer levels of connectivity between urban and adjacent rural deer populations which 
can contribute to the design of effective urban deer management plans. High genetic 
similarity between urban and rural populations would suggest that there are high rates of 
movement between them. From a management perspective, this could mean that efforts 
to control urban deer populations may be hampered by continued immigration from 
surrounding rural areas.  
 
Methods 
Study Area 
We collected hunter harvested samples from urban Deer Management Zones in 
the cities of Cedar Rapids (n = 46; 4 M, 42 F) and Davenport (n = 34; 4 M, 30 F), Iowa 
during the 2010–2011, 2011–2012, and 2012–2013 hunting seasons, which were assigned 
spatial locations at the section level (2.6 km
2
) [Figure 4-1; Table 4-1]. In urban sites, our 
sample consisted primarily of females because urban site hunting regulations favor the 
harvest of antlerless deer. The city of Cedar Rapids is the second largest city in Iowa and 
is located in Linn County in eastern Iowa, spanning an area of 146.7 km
2
 and supporting 
a human population of 126,326 (U.S. Census Bureau 2010). Cedar Rapids is bisected by 
the Cedar River and Interstate 380, a six-lane road running north to south. Deer density in 
the city was last estimated in 2006 at 10.7 deer/km
2
 (Greg Harris, IDNR, personal 
communication). Annual deer hunts have taken place since 2007. Land use surrounding 
the city consists primarily of row-crop agriculture with a deer population density of 2.9 
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deer/km
2
. The city of Davenport is located in Scott County in eastern Iowa, spanning an 
area of 168.6 km
2
 and supporting a human population of 99,685 (U.S. Census Bureau 
2010). Davenport lies on the bank of the Mississippi River (southeast border) and is 
surrounded by three major four-lane interstates (I-74 runs north to south on the east side 
of the city; I-280 runs north to south on the west side of the city; and I-80 runs east to 
west on the north side of the city). Deer density in the city was last estimated in 2008 was 
4.1 deer/km
2
 (Greg Harris, IDNR, personal communication). Annual deer hunts have 
taken place since 2005. Land use surrounding the city consists primarily of row-crop 
agriculture with an estimated deer population density of 2.0 deer/km
2
. Current hunter 
quotas for both cities are based on the Iowa Department of Natural Resource’s (IDNR) 
state annual population trend estimates (Greg Harris, IDNR, personal communication).  
Rural deer samples were chosen from within a 40 km radius of each urban 
centroid (Cedar Rapids: n = 44 (21 M; 23 F); Davenport: n = 47 (30 M; 17 F) [Figure 4-
1; Table 4-1]. Tissues were provided by the IDNR’s chronic wasting disease (CWD) 
surveillance efforts in counties associated with these urban sites collected during the 
2010–2011, 2011–2012, 2012–2013 and 2013–2014 hunting seasons. Although we made 
every attempt to sample deer from the rural sites in a spatial distribution and sex ratio 
comparable to our samples from urban sites, our ability to achieve this was limited by the 
source of our samples which was opportunistic sampling of hunter harvested deer by the 
IDNR for CWD surveillance. 
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Genetic Data Collection 
Genomic DNA was extracted from lymph nodes using the phenol:lysis buffer 
method (Longmire et al. 1997). We genotyped 171 deer (59 males and 112 females) at 7 
dinucleotide microsatellite loci [BM6438 and OarFCB193 (Talbot et al. 1996), N 
(Anderson et al. 2002), Cervid1 (DeWoody et al. 1995), RT7, RT9, and RT23 (Wilson et 
al. 1997)]. Multiplex PCR reaction volumes were 25 µl and consisted of 1.75 µl of 
GeneAmp® 10X PCR Buffer and 0.3 µl (5 units/µl) Amplitaq® DNA polymerase 
(Applied Biosystems, Carlsbad, CA, USA), 2 µl each of 10 mM fluorescently labeled 
forward and reverse primers, 2.5 µl of 2.5 mM dNTPs, and 2.5 µl  25 mM MgCl2  
(BM6438, Cervid1, and OarFCB193) or 3.5 µl 25 mM MgCl2  (RT7; RT9, and RT23) or 
4.5 µl 25 mM MgCl2  (N), and 2 µl of DNA at a working concentration of 25 ng/µl. PCR 
amplifications occurred in an Eppendorf® MasterCycler® Pro Thermal Cycler 
(Eppendorf, Hamburg, Germany). The thermal profile consisted of a denaturation step of 
95
o
 C for 5 min followed by 35 cycles of amplification consisting of a denaturation step 
of 95
o
 C for 15 sec, a primer annealing step at 58 
o
 C (BM6438, Cervid1, OarFCB193, 
RT7, and N) or 54
 o
 C (RT9 and RT23) for 30 sec, and an extension step of 72
o
 C for 1 
min. This was followed by a final extension step at 72
o
 C for 2 min (primer N) or 45 min 
(all others). To ensure uniform allele scoring, we included six samples of known 
genotypes to serve as positive controls for every PCR reaction. Fluorescently labeled 
fragments were visualized on an ABI 3730 DNA Analyzer (Applied Biosystems, 
Carlsbad, CA, USA) at the Iowa State University (ISU) Office of Biotechnology’s DNA 
Facility, and scored using GeneMarker v. 1.91 software (SoftGenetics®, State College, 
PA, USA).  
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Statistical Analyses 
To assess microsatellite data quality, we estimated locus-specific frequencies of 
null alleles and tested loci for allelic dropout and scoring errors using Micro-Checker 
software (Van Oosterhout et al. 2004, 2006). We re-genotyped 10% of our samples to 
estimate an overall genotyping error rate for the study. To evaluate the power of our 
microsatellite loci to identify individuals, we calculated Probability of Identity statistics 
(Paetkau and Strobeck 1994, Evett and Weir 1998, Waits et al. 2001) using GenAlEx 
6.501 (Peakall and Smouse 2006, 2012). 
 We calculated measures of diversity, including observed (Hobs) and expected 
(Hexp) heterozygosity (Hedrick 2005a) and their standard errors to calculate their 95% 
confidence intervals for each site in GenAlEx 6.501. Tests for conformity of each locus 
to Hardy-Weinberg Equilibrium for deer in each site were performed using exact tests 
with Markov Chain Monte Carlo (MCMC) parameters of 1,000 dememorizations with 
100 batches and 1,000 iterations in GENEPOP 4.6.9 (Rousset 2008). Calculation of 
linkage disequilibrium in each site was performed using exact tests in Arlequin 3.5 
(Excoffier and Lischer 2010). Resulting p-values were adjusted using a sequential 
Bonferroni correction for multiple tests (Rice 1989). Allelic richness (number of alleles 
per locus weighted by sample size) was calculated for each site using Fstat 2.9.3 (Goudet 
1995). Means whose 95% confidence intervals did not overlap were considered 
significantly different. All files were converted to appropriate input format using Convert 
1.31 (Glaubitz 2004). 
Sampling was female-biased in both urban sites, but included more males in rural 
sites. Therefore, we performed all subsequent analyses with and without males included 
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in order to determine if the differences in sex ratios of our samples influenced our results. 
We calculated inbreeding coefficients (FIS) and standard errors by jackknifing over loci, 
and tested for values that were significantly different from zero by performing 1,000 
permutations of individuals and genes within sites using SPAGeDi 1.5a (Hardy and 
Vekemans 2002). We calculated and compared 95% confidence intervals to determine if 
there was a significant difference in FIS between paired urban and rural sites. 
We calculated pairwise relatedness coefficients, Rxy (Queller and Goodnight 
1989), using SPAGeDi 1.5a and followed the protocol outlined in Blanchong et al. (2013) 
to compare levels and distribution of pairwise relatedness between both urban-rural pairs 
of sites. Briefly, we calculated mean pairwise relatedness for all individual pairs of deer 
at each site and compared 95% confidence intervals between each urban and rural pair to 
identify significant differences in mean Rxy. We determined the number of pairs of all 
individuals that were distantly (Rxy < –0.25) and closely (Rxy > 0.25) related in each site 
and performed proportional weight adjustments based on number of pairwise 
comparisons in each site (Kulas et al. 2018). We used weight adjustments to transform 
proportion of pairs of individuals that were distantly and closely related to equal 
proportions between urban and rural pairs of sites. Finally, we compared the distribution 
of weighted pairwise relatedness values between urban-rural sites using a bootstrapping 
Kolmogorov-Smirnoff test with 100,000 bootstraps that allows for ties in the datasets and 
tested each distribution for kurtosis using R software 3.4.3 (R Development Core Team 
2015).  
To test for genetic similarity between adjacent sites where urban and rural deer 
were sampled, we conducted Hierarchical Analysis of Molecular Variance AMOVAs 
126 
 
 
1
2
6
 
(Excoffier et al. 1992) using 999 permutations of the data in GenAlEx 6.502. We 
estimated genetic similarity between the urban and rural sites using both FST and F’ST 
(Hedrick 2005b, Meirmans 2006) calculated using 999 permutations to determine 
significant values in GenAlEx 6.502. F’ST corrects pairwise FST  based on the maximum 
value of FST in the dataset, which is in reality much lower than 1 when using highly 
polymorphic markers such as microsatellites possessing multiple alleles per locus 
because FST  was originally developed to measure differentiation in a biallelic system 
(Meirmans and Hedrick 2011).  
To determine the likelihood that any deer sampled from adjacent urban and rural 
sites originated from the alternate site, we assigned individuals to either adjacent rural or 
urban sites based on allele frequencies (Paetkau et al. 2004) in GeneClass2 (Piry et al. 
2004). As another method to determine whether individuals could definitively be 
assigned to one of the two sites, we used the clustering method employed by 
STRUCTURE v 2.3.4 (Pritchard et al. 2000, Falush et al. 2003), which uses allele 
frequencies to assign individual genotypes to K number of clusters. Although we 
hypothesized that there were K = 2 clusters for each urban:rural pair, we evaluated results 
for K = 1 to K = 4 using a burnin period of 50,000 and MCMC lengths of 100,000 and 
the admixture model with 10 repetitions in order to produce an estimate of K. We then 
used STRUCTURE HARVESTER (Earl and von Holdt 2012) to calculate the ΔK 
statistic to identify the largest change in estimates of K by STRUCTURE (Evanno et al. 
2005). Independent of the best K indicated by STRUCTURE, we also calculated the 
portion of each individual’s genotype to assigned to our hypothesized 2 (urban vs. rural) 
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clusters during simulation and based assignment of individuals to a cluster on the average 
proportion of their genotypes assigned to a cluster over 10 runs.  
 
Results 
Statistical Analyses 
No null alleles were detected, and no errors due to scoring, allelic dropout, or 
stutter were identified in the microsatellite loci used in this study. The genotyping error 
rate for the dataset was 1.7%. Probability of Identity accounting for the presence of 
siblings in the dataset was 2.9 x 10
-4
.  
Observed (Hobs) heterozygosity was high and did not statistically differ from 
expected (Hexp) heterozygosity in any sites, nor did urban-rural pairs of sites significantly 
differ in levels of Hobs (Table 1). No sites deviated from Hardy-Weinberg Equilibrium. 
There was linkage disequilibrium (LD) between one pair of loci (BM6438 and 
OarFCB193) in the urban Davenport site. It is more likely that the LD in this instance is 
the result of genetic structuring rather than true linkage between loci (Robinson et al. 
2012) because these loci have not been identified as linked in other studies (DeYoung et 
al. 2003, Robinson et al. 2012) and did not exhibit LD at multiple sites. Allelic richness 
was high and did not significantly differ between urban-rural pairs of sites. Values of FIS 
using all individuals were significantly less than zero in the Davenport urban site (-0.052 
± 018; p = 0.033) and did not significantly differ from zero for all other sites (Table 1). 
Without males, values of FIS were significantly lower than zero in the Davenport urban (-
0.056 ± 0.019; p = 0.023) and Cedar Rapids rural (-0.059 ± 0.023; p = 0.023) sites, and 
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did not significantly differ from zero for all other sites (Table 1). The urban Davenport 
site had a significantly lower FIS than the rural site which was not present without males.  
Mean pairwise relatedness (Rxy) was near zero in each of the 4 sites and did not 
significantly differ between either of the paired urban and rural sites (Table 4-2). For the 
Cedar Rapids sites, the urban site had 52.2% and the rural site had 47.8% of the total 
pairwise samples, resulting in weights of 0.958 and 1.046, respectively. For the 
Davenport sites, the urban site had 34.2% and the rural site had 65.8% of the total 
pairwise samples, resulting in weights of 1.462 and 0.760, respectively. After weighting, 
only the urban Davenport site had a greater proportion of distantly related individuals 
than the rural site, and both urban sites had a greater proportion of closely related 
individuals than rural sites (Table 4-2; Figure 4-2). In contrast, when only females were 
included in the analysis, both rural sites had a greater proportion of closely and distantly 
related individuals than the urban sites. There was no significant difference between 
relatedness distributions of urban and rural sites in Cedar Rapids (D = 0.143; p =0.856) or 
in Davenport (D = 0.143; p =0.849). All relatedness distribution curves were leptokurtic 
(kurtosis values ranged from 3.9 – 5.0).  
Results of hierarchical Analysis of Molecular Variances (AMOVAs) indicated 
that there was small but statistically significant differentiation between Cedar Rapids 
urban and rural sites (F’ST = 0.072; FST = 0.008; p = 0.001) and Davenport urban and 
rural sites (F’ST = 0.081; FST = 0.009; p = 0.002) [Table 4-3].  
Results of assignment tests indicated that the log likelihoods of deer originating in 
either the urban or adjacent rural sites were similar for most individuals (Figure 4-3). The 
largest Mean LnP(K) = -2865.70 occurred at K = 1 cluster and the largest ∆K = 3.60 
129 
 
 
1
2
9
 
occurred at K = 2 clusters for the Cedar Rapids sites (Table 4-4; Figure 4-4). The largest 
Mean LnP(K) = -2477.98 occurred at K = 1 cluster and the largest  ∆K = 1.69 occurred at 
K = 4 clusters for the Davenport sites (Table 4-5; Figure 4-4). Q-intervals assigning the 
average proportion of each individual genotype over 10 runs in STRUCTURE to K = 2 
clusters resulted in individuals being assigned to either of the 2 clusters in both urban-
rural pairs of sites with nearly even mean proportions (mean q-intervals for Cedar Rapids 
sites ranged from 49.7–50.3 and from 49.8–50.2  for Davenport sites) [Figure 4-5].  
 
Discussion 
In this study, we quantified and compared levels of genetic diversity and 
relatedness between urban and adjacent rural sites where deer were sampled and 
estimated the degree of genetic connectivity between them. All sites exhibited high levels 
of observed heterozygosity and allelic richness that were not significantly different. High 
levels of diversity in urban areas may be facilitated by high deer densities resulting from 
rapid increases in population sizes due to high reproductive rates in deer. This leads to 
large effective population sizes that contribute to the maintenance of high levels of 
genetic diversity (DeYoung 2011). Therefore, our results did not suggest any possible 
negative effects of urbanization on genetic diversity. High levels of genetic similarity 
between urban and adjacent rural sites in our study indicate gene flow between them 
which promotes the maintenance of high levels of diversity in our urban sites. 
Mean levels of relatedness were close to zero for deer in our rural and urban study 
sites, and there were no significant differences in relatedness distributions between the 
paired urban and rural sites. We did find more closely and distantly related pairs of 
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individuals in the Davenport urban relative to the rural site, which suggests that there is 
stronger matrilineal structuring in the urban than the rural site resulting in high levels of 
co-ancestry within and low levels of co-ancestry among related female social groups. 
One possible explanation for these findings is there may be broader age structuring in 
males in the urban relative to the rural Davenport site leading to higher variance in male 
reproductive success and limited opportunities for young males to mate, both of which 
contribute to genetic substructure in deer (Chesser 1991a, b). Our Davenport results are 
consistent with two studies of urban deer populations in Michigan which found similarly 
high proportions of closely and distantly related pairs of individuals in urban areas 
(Blanchong et al. 2013, Crawford et al. 2018). Both studies of Michigan urban deer had 
either telemetry data (Blanchong et al. 2013) or fine-scale spatial genetic data (Crawford 
et al. 2018) supporting their assertion of strong matrilineal social structuring in urban 
sites. 
Although we made every effort to sample similarly in urban and rural sites with 
respect to sex, age, and spatial distribution, urban hunts were biased towards females, 
whereas our rural samples were male-biased. This resulted in many more pairwise 
relatedness comparisons between females in the urban than rural sites, and therefore we 
could not specifically validate distribution of pairwise relatedness in females without 
adjusting samples using large weights (e.g., weights of 2.1 and  2.2 for rural female pairs 
of deer), which did not give us confidence in our female-only results for this analysis. 
Moreover, the spatial distribution of sampling was different in our Cedar Rapids sites 
than our Davenport sites. The rural Cedar Rapids site had a higher proportion of deer 
samples within 2.6 km of each other than the urban Cedar Rapids samples, which were 
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spatially clustered. Our Davenport urban and rural sites had spatial sampling distributions 
that were much more similar to each other. Therefore, sampling at equal spatial scales 
and even sex ratios in paired urban-rural sites is important to providing the capability to 
generate results regarding differences in social structure that can be compared between 
urban and rural sites.  
In contrast to our results for the Davenport site, the Cedar Rapids urban site 
exhibited more closely (but not distantly) related pairs of individuals, which suggests 
weaker genetic substructuring along matrilines than found in the Davenport urban site. 
One potential explanation would be that much higher deer densities in the Cedar Rapids 
urban site (10.7/km
2
) than the Davenport urban site (4.1/km
2
) have resulted in greater 
overlap of matrilines (Laseter 2004, Weckel 2012), which would promote mating of 
males with females from different matrilines and increase gene flow among groups, 
decreasing levels of genetic substructure related to philopatry. Aggregation of female 
deer near high quality resources, such as artificial feeding sites, has been shown to alter 
female space use by promoting the overlap of matrilines (Blanchong et al. 2006). 
Similarly high quality resources are available in urban relative to rural sites, and could 
promote overlap of matrilines due to aggregation in sites with high deer densities like 
Cedar Rapids.  
Our sample of deer in the urban Cedar Rapids site had a higher percentage (32%) 
of distantly related yearlings sampled than in urban Davenport site (10%), which could be 
the result of biased sampling of some sort. Yearlings are the primary dispersers and 
therefore exhibit increased levels of movement relative to other age classes in deer 
(Hawkins et al. 1971, Nixon et al. 1991, Purdue et al. 2000, Long et al. 2005, 2008), and 
132 
 
 
1
3
2
 
may have been overrepresented in our sample based on hunting strategy, hunter 
preference, detectability, or some other unknown factor. It is also possible that this is 
evidence that there is a younger age structure in deer in this site. As such, it is possible 
that the urban Davenport site reflected stronger genetic structuring along matrilines 
because most of those samples were from adult deer who exhibit stronger site fidelity.  
We found high levels of genetic similarity between deer sampled in urban and 
adjacent rural deer sites. These findings are consistent with levels of similarity reported 
between deer sampled over similar spatial scales in southwestern Wisconsin (12.9–42.4 
km; FST range: 0.001–0.008) [Blanchong et al. 2008] and are in alignment with results 
from a statewide study of genetic structure in Iowa deer, where deer sampled in sites 
from 17.3–41.3 km apart had pairwise FST values ranging from 0.000–0.009 (Gardner 
Almond Chapter 2, this dissertation). These results, together with our inability to 
categorize any of our sampled individuals as either urban or rural using assignment tests, 
suggest that there are high rates of deer movement between adjacent urban and rural 
populations. Measurements of gene flow account for movement of individuals that results 
in breeding, and therefore cannot account for movement without breeding, and low levels 
of gene flow are required to sufficiently counteract the effects of genetic drift (Lowe and 
Allendorf 2010). Therefore, our estimates of genetic connectivity may underestimate 
levels of movement between populations.  
Previous studies of deer have found that high traffic roads associated with urban 
areas may affect gene flow across broad spatial scales (Kelly et al. 2010, Robinson et al. 
2012, Locher et al. 2015). Although our urban Davenport samples were separated from 
rural deer samples by major interstates surrounding the city, the high levels of genetic 
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similarity we found between the urban and rural Davenport sites suggests that these 
interstates are not exerting a negative influence on gene flow. Similarly, recent genetic 
studies on urban deer of Meridian Township, Michigan found no detectable influence of a 
four-lane highway on gene flow between deer in the area (Crawford et al. 2018).   
 
Management Implications 
Localized management removing matrilineal groups (Porter et al. 1991, Porter et 
al. 2004) at small spatial scales (≤ 3 km2) has been proposed as an effective way to 
alleviate conflict among stakeholders and focus limited resources on decreasing urban 
deer densities (Crawford et al. 2018).  Our results indicating high genetic similarity 
between paired urban and rural sites suggest there are high rates of movement between 
the two indicating that localized removal of matrilines to reduce population density in 
urban areas may be rapidly counteracted by recolonization of by immigrants from rural 
areas. 
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 Figure 4-1. Map of eastern Iowa depicting the two sites (light green) where white-tailed 
deer (Odocoileus virginianus) were harvested (green circles) during two urban hunts in 
Cedar Rapids and Davenport, Iowa, respectively, from 2010–2013.  Adult hunter 
harvested deer were sampled within 40 km of the centroid of each urban site (yellow 
triangles) from 2010—2014.  
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 Figure 4-2. Distribution of pairwise relatedness estimates (Rxy; Queller and Goodnight 
1989) based on  microsatellite genotypes in white-tailed deer (Odocoileus virginianus) 
sampled in two urban-rural pairs of sites ((a) Cedar Rapids; (b) Davenport) in Iowa from 
2010–2014.  Solid lines indicate distribution curves of rural sites (light gray: Cedar 
Rapids; dark gray: Davenport), and dotted lines indicate corresponding urban sites 
(dashes: Cedar Rapids; dots: Davenport).  
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Figure 4-3. Negative log likelihoods of originating from the urban populations or the 
adjacent rural populations based on assignment tests based on allele frequencies (Paetkau 
et al. 2004) for all deer samples collected. Urban (black circles) and rural (open circles) 
white-tailed deer (Odocoileus virginianus) samples were from the a) Cedar Rapids and b) 
Davenport sites.  
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Figure 4-4. Results of cluster analysis assigning individuals from two adjacent urban 
rural populations in a) Cedar Rapids and b) Davenport, Iowa. Deer samples were 
collected from 2010—2014 and assigned to genetic clusters.  Plot of the average log 
likelihood of K = 1 to K = 5 modeled in STRUCTURE software (Pritchard et al. 2000, 
Falush et al. 2003) showing that the highest log likelihood occurred at K = 1 clusters for 
both Cedar Rapids (-2865.70) and Davenport (-2477.98) pairs of urban and rural samples. 
The second axis depicts the calculated ∆K value (Evanno et al. 2005) and indicates that 
for both urban-rural pairs, the largest ∆K = 3.60 occurs at K = 2 clusters for Cedar 
Rapids, and ∆K = 1.69 occurs at K = 4 clusters for Davenport. 
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Figure 4-5. Plots of the q-intervals of urban and rural deer sampled in a) Cedar Rapids 
and b) Davenport, Iowa from from 2010—2014 which depict the proportion of each 
individual’s genotype (x-axis) that was assigned to one of two genetic clusters (y-axis) 
modeled in STRUCTURE software (Pritchard et al. 2000, Falush et al. 2003). Each bar 
represents an individual, with genotype proportion belonging in each of 2 clusters 
depicted by light or dark gray, respectively. 
 
 
  
1
4
8
 
Table 4-1. Measures of genetic diversity (±standard error (SE)) and 95% confidence intervals for 2 urban-rural pairs of sites where 
white-tailed deer were sampled in Iowa from 2010–2014. Number of individuals (n), number of females (nf), and number of males 
(nm) for each site are listed. We calculated observed (Hobs) and expected (Hexp) heterozygosity, allelic richness (AR), and the mean 
inbreeding coefficient (FIS (p-values)) for each site. Asterisks (*) indicate FIS values that were significantly different from zero. 
Site n nf nm 
Hobs (±SE)           
(95% CI) 
Hexp (±SE)                            
(95% CI) 
AR (±SE)                           
(95% CI) 
FIS (±SE)                                  
(95% CI) 
Female FIS (±SE)                                  
(95% CI) 
         
Cedar 
Rapids, 
Urban 
46 42 4 0.878 ± 0.03                       
(0.819–0.937) 
0.873 ± 0.01                       
(0.853–0.893) 
11.3 ± 0.9                       
(9.5–11.3) 
0.012 ± 0.027                         
(0.517)                                   
(-0.041–0.065) 
0.025 ± 0.026                                                  
(0.177)                                     
(-0.026–0.076) 
Cedar 
Rapids, 
Rural 
44 23 21 0.915 ± 0.02                       
(0.876–0.954) 
0.875 ± 0.01                       
(0.855–0.895) 
12.2 ± 0.8                       
(10.6–12.2) 
-0.029 ± 0.019                             
(0.129)                                     
(-0.066–0.008) 
-0.059 ± 0.023                                          
(0.023*)                                                         
(-0.104–-0.014) 
Davenport, 
Urban 
34 30 4 0.931 ± 0.02                      
(0.891–0.970) 
0.871 ± 0.01                       
(0.851–0.891) 
11.9 ± 0.9                       
(9.5–11.9) 
-0.052 ± 0.018                                              
(0.033*)                                         
(-0.087–-0.017) 
-0.056 ± 0.019                                         
(0.023*)                                            
(-0.093–-0.019) 
Davenport, 
Rural 
47 17 30 0.864 ± 0.03                     
(0.805–0.923) 
0.881 ± 0.01                       
(0.861–0.901) 
12.0 ± 0.7                       
(9.6–12.0) 
0.029 ± 0.027                                   
(0.115)                                               
(-0.024–0.082) 
-0.004 ± 0.036                                      
(0.964)                                              
(-0.075–0.067) 
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Table 4-2. Mean pairwise genetic relatedness (Rxy ± standard error (SE)) with 95% confidence intervals and weighted proportion 
of pairs that were either distantly (Rxy < -0.25) or closely (Rxy > 0.25) related. White-tailed deer were sampled at 2 urban-rural 
pairs of sites in Iowa from 2010-2014. 
Site 
Mean (Rxy)  ± SE                          
(95% CI) 
Mean                
Female (Rxy)  ± SE                          
(95% CI) 
Overall                                    
Rxy < -0.25                   
(% all pairs) 
Overall                             
Rxy < -0.25           
(% female pairs) 
Overall                            
Rxy > 0.25                      
(% all pairs) 
Overall                               
Rxy > 0.25                  
(% female pairs) 
       
Cedar Rapids, 
Urban 
  0.067 ± 0.043                       
(-0.017–0.151) 
  0.053 ± 0.038                       
(-0.022–0.128) 
3.2 2.3 4.3 2.7 
Cedar Rapids, 
Rural 
  0.031 ± 0.047                       
(-0.061–0.123) 
  0.037 ± 0.050                       
(-0.061–0.135) 
3.3 14.8 3.0 5.2 
Davenport, 
Urban 
-0.063 ± 0.099                       
(-0.257–0.131) 
-0.009 ± 0.084                       
(-0.174–0.156) 
11.2 5.4 8.6 4.1 
Davenport, 
Rural 
-0.018 ± 0.074                       
(-0.163–0.127) 
-0.114 ± 0.104                       
(-0.318–0.090) 
2.9 27.8 2.9 4.6 
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Table 4-3. Results of hierarchical Analysis of Molecular Variances (AMOVAs) indicated that there was low but significant 
differentiation between urban and rural deer sampled in Cedar Rapids and Davenport, Iowa from 2010–2014. Results are shown for 
AMOVAs with all individuals and females only. 
Source Sum of Squares Variance % Variation F'ST FST p-value 
Cedar Rapids Urban versus Rural 5.366 0.025 1.000 0.072 0.008 0.001* 
Cedar Rapids Urban and Rural 553.701 3.111 99.000 
   Total 559.067 3.136 100.000       
Cedar Rapids Urban versus Rural (Females) 4.997 0.032 1.000 0.093 0.010 0.007* 
Cedar Rapids Urban and Rural (Females) 398.772 3.115 99.000 
   Total (Females) 403.769 3.147 100.000       
Davenport Urban versus Rural 5.336 0.028 1.000 0.081 0.009 0.002* 
Davenport Urban and Rural 499.146 3.123 99.000 
   Total 504.481 3.148 100.000       
Davenport Urban versus Rural (Females) 5.161 0.048 2.000 0.130 0.015 0.002* 
Davenport Urban and Rural (Females) 284.232 3.089 98.000 
   Total (Females) 289.394 3.137 100.000       
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Table 4-4. Results of STRUCTURE runs assigning individuals sampled in and around 
Cedar Rapids, Iowa from 2010—2014 to population clusters. The largest Mean LnP(K) = 
-2865.70 occurs at K = 1 cluster and the largest  ∆K = 3.60 occurs at K = 2 clusters.  
K Repetitions Mean LnP(K) SD LnP(K) Ln'(K) Ln"(K) ∆K 
1 10 -2865.70 0.72 ---- ---- ---- 
2 10 -2882.65 30.98 -16.95 111.41 3.60 
3 10 -3011.01 175.03 -128.36 62.23 0.36 
4 10 -3077.14 231.62 -66.13 179.99 0.78 
5 10 -2963.28 93.40 113.86 ---- ---- 
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Table 4-5. Results of STRUCTURE runs assigning individuals sampled in and around 
Davenport, Iowa from 2010—2014 to population clusters. The largest Mean LnP(K) = -
2477.98 occurs at K = 1 cluster and the largest  ∆K = 1.69 occurs at K = 4 clusters.  
K Repetitions Mean LnP(K) SD LnP(K) Ln'(K) Ln"(K) ∆K 
1 10 -2477.98 0.46 ---- ---- ---- 
2 10 -2481.86 5.14 -3.88 3.69 0.72 
3 10 -2489.43 12.00 -7.57 12.01 1.00 
4 10 -2484.99 9.20 4.44 15.55 1.69 
5 10 -2496.10 17.95 -11.11 ---- ---- 
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CHAPTER 5.  GENETIC SIMILARITY OF CAPTIVE AND WILD WHITE-
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Abstract 
Captive cervid facilities, many of which house white-tailed deer (Odocoileus 
virginianus), are common throughout North America. There is potential for disease 
transmission between captive and wild deer based on high captive deer densities 
promoting spread of disease within herds, and the potential for environmental 
transmission across fence lines or direct transmission resulting from ingress to or egress 
from captive facilities. In 2012, the Pine Ridge Hunting Preserve (PRHP), a captive 
facility in Davis County, Iowa, was depopulated after the detection of chronic wasting 
disease (CWD) in the herd. We used genotypes of 56 deer (22 wild Davis County deer 
and 34 captive deer) to compare levels of genetic diversity and to estimate the degree to 
which deer sampled from the PRHP and the adjacent wild deer population were 
genetically similar. We found high levels of genetic diversity in both populations, and 
captive and adjacent wild deer populations exhibited high levels of genetic similarity. 
Because there was high genetic similarity between captive and wild deer we cannot make 
inferences about the PRHP as a possible source of CWD infection risk to wild deer in 
Davis County, Iowa. 
Introduction 
Captive cervid facilities are common throughout North America, and their 
numbers have increased during the past several decades (Miller and Thorne 1993, White 
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2000, Demarais et al. 2002). The Midwest is home to approximately 40% of the captive 
cervid facilities in the U.S. (Anderson et al. 2007). These privately-owned, for profit 
enterprises are established for several aims, the predominant of which is big game 
hunting purposes, with breeding facilities that supply “trophy” bucks to hunting facilities 
(White 2000, Butler et al. 2005, Messner 2011, Adams et al. 2016).   
In general, captive cervid herds are characterized by higher population densities 
and limited movement due to their inability to disperse outside of fenced enclosures, and 
are longer-lived relative to their wild counterparts (Webb et al. 2010, Gerhold and 
Hickling 2016), all of which are important factors in disease persistence, and in 
transmission and spread of disease throughout an area (Bradley and Altizer 2007). Absent 
costly double fencing (2 parallel 2.4-m or higher fences spaced 2–3 m apart; Vercauteren 
et al. 2007b), a very low amount of fence-line contact occurs between wild and captive 
cervids, which would minimize direct transmission. However, there is potential for 
environmental transmission of disease between captive and wild deer across fences 
(Vercauteren et al. 2007a, b). Management practices in each captive facility, including 
movement of live animals into and out of facilities, fence type and height, and whether or 
not deer are supplementally fed, determine the level of disease risk and the likelihood that 
disease will be transmitted between captive and wild deer (Miller et al. 1998, Demarais et 
al. 2002). As a result, wildlife managers are concerned with harboring and spread of 
infectious diseases from captive herds to wild deer populations (Ballou 1993, Miller and 
Thorne 1993, Munson and Cook 1993, Demarais et al. 2002, Jacobson et al. 2011, Adams 
et al. 2016, Gerhold and Hickling 2016), and owners of captive cervid facilities are 
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concerned with financial and business losses related to the potential transmission of 
disease from wild to captive herds.  
There are several potential mechanisms that could contribute to high levels of 
genetic similarity between captive and adjacent wild deer populations. Ingress or egress 
can occur if gates are intentionally (Jacobson et al. 2011) or unintentionally left open or 
fence integrity is breached (Lanka and Guenzel 1991, Gerhold and Hickling 2016), which 
could result in gene flow and increase genetic similarity between captive and wild deer 
populations. The rapid establishment of the captive cervid industry led to a delay in 
regulatory oversight (Miller and Thorne 1993) which allowed for transport of captive 
cervids across wide geographical areas, potentially homogenizing gene pools and 
increasing genetic similarity between captive cervids housed in states that were 
geographically distant from one another. High levels of genetic similarity between 
captive and wild deer could also be associated with historical deer restoration efforts of 
wild deer in the U.S., which led to widespread admixture between genetic stocks of deer 
during restoration efforts involving the interstate translocation of more than 46,000 deer 
across the U.S. (McDonald and Miller 2004, Adams and Hamilton 2011). This 
widespread genetic admixture resulted in high levels of genetic similarity between 
geographically distant deer populations connected by translocation events across their 
U.S. range (Gardner Almond, Chapter 3 of this dissertation). Additionally, the high 
vagility of deer likely resulted in immigration between neighboring states during the 
restoration period (Stone 2003), which would also increase genetic similarity between 
captive and wild deer in adjacent states if captive deer originating in neighboring states 
were transported across state lines. Moreover, the practice of incorporating wild deer into 
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captive facilities when fences are constructed is permitted in some states and is unlikely 
to be avoided in many cases because of the size of captive facilities, which can 
encompass areas of more than a thousand acres (Almond 2014). If source stocks for 
captive facilities include wild deer, this would lead to high levels of genetic similarity 
between adjacent captive and wild deer populations. Finally, the development of captive 
breeding stocks over time may involve gene flow from unknown sources through the use 
of artificial insemination or breeder bucks purchased from outside sources. This practice 
would result in admixture of several unrelated genetic stocks, and result in genetic 
similarity of captive populations with sources of those stocks. 
The white-tailed deer disease of primary concern to the state of Iowa is chronic 
wasting disease (CWD). CWD is a fatal horizontally-transmissible spongiform 
encephalopathy (TSE) of free-ranging and captive cervids (Williams et al. 2002, Johnson 
et al. 2003). Deer are infectious but asymptomatic for an extended period (Haley et al. 
2009), and generally die within one to two years after sudden late-stage manifestation of 
clinical signs of neurological disease (Williams et al. 2002). There is no known treatment 
for CWD, and management of CWD-infected herds includes culling of infected animals 
and herd eradication (Williams et al. 2002), mainly via hunting (Rolley 2005, Blanchong 
et al. 2006, Zimmer et al. 2012). CWD, which has been discovered in >100 captive 
facilities in North America (Saunders et al. 2012), is believed to have spread from captive 
herds to wild deer in many cases (Williams et al. 2002, Vercauteren et al. 2007b, 
Saunders et al. 2012). In Iowa, there are 103 captive breeding and 10 hunting facilities 
that are permitted to import and export certified CWD-free captive cervids across state 
lines (Adams et al. 2016), which could lead to the importation of asymptomatic deer 
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carrying the disease. There is concern that infection with CWD in wild deer in Iowa 
could contribute to deer population decline via additive effects on mortality rates in 
populations of deer (Edmunds 2008, Sargeant et al. 2011, Foley et al. 2016) produced by 
reduced recruitment (Dulberger et al. 2010, Blanchong et al. 2012) and increased 
vulnerability to predation (Miller et al. 2008, Krumm et al. 2010, Sargeant et al. 2011), 
vehicle collisions (Krumm et al. 2005), and hunting (Conner et al. 2000, Edmunds et al. 
2016). 
Prior to 2012, CWD was present in wild deer populations of the 6 states sharing 
borders with Iowa (Saunders et al. 2012), but absent in Iowa. In July 2012, CWD was 
detected in a deer at Pine Ridge Hunting Preserve (PRHP), a captive hunting facility in 
Davis County, Iowa and in deer in an associated captive breeding facility in Cerro Gordo 
County, Iowa owned by the same individuals (Chronic Wasting Disease Alliance 2018). 
Initially, these individuals owned only the Cerro Gordo breeding facility, which was 
established in 1994 with stock from south central Minnesota (Brakke vs. IDNR 2013). In 
2005, when the PRHP was established, an unknown number of wild Iowa deer were 
incorporated into the facility when the southern portion of the property was fenced in 
(Brakke vs. IDNR 2013). The captive population thereafter constituted a mix of deer with 
Iowa ancestry and breeding stock of unknown geographic origin transferred or purchased 
from inside Iowa (Brakke vs. IDNR 2013). Management practices involved transfer of 
breeding stock from the Cerro Gordo breeding facility when hunting contracts were 
purchased, some of whom were allowed to participate in the rut prior to harvest (Brakke 
vs. IDNR 2013). Moreover, over the course of the 7 years following establishment of the 
PRHP, the property owners augmented the captive herd with deer purchased from in-state 
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deer breeding facilities in Des Moines and other unknown locations in Iowa (Brakke vs. 
IDNR 2013), with unknown origins of their genetic stock. Evidence also exists that there 
was recruitment into the resident captive population based on the observation that 
between 5–30 fawns were counted in the years subsequent to establishment of the PRHP 
(Brakke vs. IDNR 2013). High deer densities in the captive population were likely 
promoted through supplemental feeding (Brakke vs. IDNR 2013).  
Given the history of incorporating native Iowa deer into the facility when it was 
established in 2005, there should be high levels of genetic similarity between captive and 
adjacent wild deer populations. To better understand genetic connectivity between 
captive deer in the PRHP and adjacent wild deer populations, I compared levels of 
diversity between captive and wild populations and estimated the degree to which deer 
sampled from the PRHP and wild Davis County deer were genetically similar. If this is 
the case, it could be the result of either historical gene flow in the captive and wild 
populations, or contemporary gene flow between them prohibiting me from making 
definitive inferences about the risk of disease transmission between the captive and 
adjacent wild population.  
Methods 
Study Area 
Captive white-tailed deer tissue samples (lymph nodes) [n = 81; 47 females and 
34 males] were supplied as part of an Iowa Department of Natural Resources (IDNR) 
2012 depopulation of the PRHP in Davis County, Iowa. The PRHP was a 1.34 km
2
 (330 
acre) hunting preserve established in 2005 in Bloomington, Iowa. Deer inhabiting this 
preserve were kept in one of two penned areas divided by a 2.4 m tall 20-line woven wire 
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single fence (Brakke vs. IDNR 2013). This fence also surrounded the southern pen, while 
the northern pen was surrounded by 2.4 m tall single fencing consisting of areas where 
there were 2, 1.2 m tall cattle panels stacked on top of each other interspersed with newer 
high tensile wire fencing (Brakke vs. IDNR 2013). We genotyped 34 deer sampled from 
the depopulated captive herd at the PRHP (25 adult females, 5 yearling females, and 4 
yearling males). We chose as many yearlings as possible because they exhibit increased 
levels of movement relative to other age classes in deer due to high dispersal rates 
(Hawkins et al. 1971, Nixon et al. 1991, Purdue et al. 2000, Long et al. 2005, 2008). In 
addition to increased rates of dispersal in yearling deer, yearlings may wander (McCoy et 
al. 2005, Oyer et al. 2007) in order to explore habitat characteristics prior to dispersal, as 
has been detected in roe deer (Capreolus capreolus) [Debeffe et al. 2013].  Therefore, we 
considered yearlings to be the age class most likely to have immigrated from the wild if 
connectivity was high. For the remaining captive herd samples, we chose females to 
avoid any potential for sampling trophy bucks transferred to the property from breeding 
facilities. We avoided sampling trophy bucks because they might not have been part of 
the resident population long enough to contribute to gene flow and might genetically 
represent only breeding stock from other facilities. For our samples of wild deer, we 
selected the 22 adult female deer harvested in closest spatial proximity to the PRHP 
(from 1 to 6.7 km away) from deer collected by the IDNR as part of CWD surveillance 
efforts in Davis County (Figure 5-1). We chose female deer for our wild samples because 
they are the philopatric sex and should therefore represent local genetic characteristics 
(Hawkins and Klimstra 1970, Porter et al. 1991, Nelson and Mech 1999). 
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Laboratory Methods 
Genomic DNA was extracted from lymph nodes using the phenol:lysis buffer 
method (Longmire et al. 1997). We genotyped 56 deer at 9 dinucleotide microsatellite 
loci (BM4107, BM6438, OarFCB193 (Talbot et al. 1996), N (Anderson et al. 2002), 
Cervid1 (DeWoody et al. 1995), RT7, RT9, RT23 and RT27 (Wilson et al. 1997)). 
Multiplex PCR reaction volumes were 25 µl and consisted of 1.75 µl of GeneAmp® 10X 
PCR Buffer and 0.3 µl (5 units/µl) Amplitaq® DNA polymerase (Applied Biosystems, 
Carlsbad, CA, USA), 2 µl each of 10 mM fluorescently labeled forward and reverse 
primers, 2.5 µl of 2.5 mM dNTPs, and 2.5 µl  25 mM MgCl2  (BM6438, Cervid1, and 
OarFCB193) or 3.5 µl 25 mM MgCl2  (BM4107 and RT7; RT9, RT23, and RT27) or 4.5 
µl 25 mM MgCl2  (N), and 2 µl of DNA at a working concentration of 25 ng/µl. PCR 
amplifications occurred in an Eppendorf® MasterCycler® Pro Thermal Cycler 
(Eppendorf, Hamburg, Germany). The thermal profile consisted of a denaturation step of 
95
o
 C for 5 min followed by 35 cycles of amplification consisting of a denaturation step 
of 95
o
 C for 15 sec, a primer annealing step at 58 
o
 C (BM6438, Cervid1, OarFCB193, 
BM4107, RT7, and N) or 54
 o
 C (RT9, RT23, and RT27) for 30 sec, and an extension 
step of 72
o
 C for 1 min. This was followed by a final extension step at 72
o
 C for 2 min 
(primer N) or 45 min (all others). To ensure uniform allele scoring, we included six 
samples of known genotype to serve as positive controls for every PCR reaction. 
Fluorescently labeled fragments were visualized on an ABI 3730 DNA Analyzer 
(Applied Biosystems, Carlsbad, CA, USA) at the Iowa State University (ISU) Office of 
Biotechnology’s DNA Facility, and scored using GeneMarker v. 1.91 software 
(SoftGenetics®, State College, PA, USA).  
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Statistical Analyses 
To assess microsatellite data quality, we estimated locus-specific frequencies of 
null alleles and tested loci for allelic dropout and scoring errors using Micro-Checker 
software (Van Oosterhout et al. 2004, 2006). We re-genotyped 10% of our samples to 
estimate an overall genotyping error rate for the study. Finally, to evaluate the power of 
our microsatellite loci to identify individuals, we calculated Probability of Identity 
statistics (Paetkau and Strobeck 1994, Evett and Weir 1998, Waits et al. 2001) using 
GenAlEx 6.502 (Peakall and Smouse 2006, 2012).  
We calculated measures of diversity, their standard errors, and 95% confidence 
intervals, including allelic richness (number of alleles per locus weighted by sample size) 
for each site using Fstat 2.9.3 (Goudet 1995),  and observed (Hobs) and expected (Hexp) 
heterozygosity (Hedrick 2005a) for each sampling area in GenAlEx 6.502. To test for 
significant differences in diversity measures between paired sites, we compared 95% 
confidence intervals of Hobs and allelic richness between them. We used exact tests in 
GENEPOP 4.6.9 (Rousset 2008) to test each locus for conformity to Hardy-Weinberg 
Equilibrium for deer in each sampling site. We used exact tests in Arlequin 3.5 (Excoffier 
and Lischer 2010) to calculate linkage disequilibrium in each sampling area. Resulting p-
values were adjusted using a sequential Bonferroni correction for multiple tests (Rice 
1989).  
To estimate the magnitude of genetic differentiation between captive and wild 
deer, we conducted a Hierarchical Analysis of Molecular Variance AMOVA (Excoffier 
et al. 1992) using 999 permutations of the data in GenAlEx 6.502. We estimated genetic 
differentiation between the captive and wild deer using both FST and F’ST (Hedrick 2005b, 
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Meirmans 2006). Because FST was originally developed to measure differentiation in a 
biallelic system, the maximum value of FST in the dataset is in reality much lower than 1 
when using highly polymorphic markers such as microsatellites possessing multiple 
alleles per locus (Meirmans and Hedrick 2011).  F’ST corrects pairwise FST based on the 
maximum values of FST in the dataset (Meirmans and Hedrick 2011).  
We conducted assignment tests based on allele frequencies (Paetkau et al. 2004) 
that assigned individuals to either captive or wild populations in GeneClass2 (Piry et al. 
2004). This approach estimated the likelihood that each deer originated in the population 
where it was sampled versus the alternative population. As another method to determine 
whether individuals could definitively be assigned to one of the two sampling areas, we 
used the clustering method employed by STRUCTURE 2.3.4 (Pritchard et al. 2000, 
Falush et al. 2003), which uses allele frequencies to assign individual genotypes to K 
number of clusters. Although we hypothesized that there were K = 2 clusters, we 
evaluated results for K = 1 to K = 5 using a burnin period of 50,000 and MCMC lengths 
of 100,000 and the admixture model with 10 repetitions in order to produce an estimate 
of K. We then used STRUCTURE HARVESTER (Earl and von Holdt 2012) to calculate 
the ΔK statistic to identify the largest change in estimates of K by STRUCTURE (Evanno 
et al. 2005). We calculated the portion of each individual’s genotype assigned to 2 
(captive vs. wild) clusters during simulation and based assignment of individuals to a 
cluster on the average proportion of their genotypes assigned to a cluster over 10 runs.  
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Results 
Statistical Analyses 
 No errors due to scoring, allelic dropout, or stutter were present. Null alleles were 
detected at the RT9 locus (0.119) in the captive population. Previous studies have 
incorporated null alleles at mean rates below 0.190, which is the threshold found to 
significantly underestimate Hexp (Chapuis et al. 2008) and overestimate FST (Chapuis and 
Estoup 2007, Chapuis et al. 2008). Our mean null allele rate of 0.006 ± 0.022 falls well 
below that threshold, and therefore we chose to include the RT9 locus in our analyses. 
Based on rerunning 10% of our samples, the genotyping error rate for the dataset was 
2.2%. Probability of Identity accounting for the presence of siblings in the dataset was 
3.7 x 10
-5
.  Allelic richness was 9.3 alleles per locus for wild deer and 9.4 alleles per 
locus for captive deer, and did not significantly differ between the two samples (Table 5-
1). Observed heterozygosity (Hobs) was high and did not significantly differ between 
captive and wild samples, and neither group deviated from Hardy-Weinberg Equilibrium 
(Table 5-1). After Bonferroni correction, there was significant linkage disequilibrium 
(LD) in 2 pairs of loci in the captive sample (Cervid1–BM4107 and Cervid1–RT27; p ≤ 
0.0003). It is more likely that the LD in these two instances is the result of genetic 
structuring rather than true linkage between loci (Robinson et al. 2012), since they have 
not been identified as linked in other studies (Wilson et al. 1997, Lang and Blanchong 
2012). 
Results of the hierarchical AMOVA indicated that there was small but statistically 
significant differentiation between deer in the captive and wild sites (F’ST = 0.209; FST = 
0.026; p = 0.001) [Table 5-2].  
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Results of assignment tests indicated that the log likelihoods of deer originating in 
either the captive or wild populations were similar for most samples (Figure 5-2). The ΔK 
statistic identified the largest change in estimates of K by STRUCTURE as 2 (Table 5-3; 
Figure 5-3), and q-intervals assigning the average proportion of each individual genotype 
over 10 runs in STRUCTURE to ∆K = 2 clusters resulted in individuals being assigned to 
either of the 2 clusters with nearly even mean proportions (mean q-intervals ranged from 
49.58–50.5) [Figure 5-4].  
 
Discussion 
In this study, we found that both captive and wild deer exhibited high levels of 
genetic diversity. Our results were not surprising, given the genetic history of the captive 
herd, which not only involved incorporation of native Iowa deer when the herd was 
established, but also supplementation of deer from several unknown sources with 
unknown genetic histories. Moreover, high deer densities in the captive population were 
likely promoted through supplemental feeding and recruitment. High deer population 
densities coupled with naturally high reproductive rates in deer lead to large effective 
population sizes (DeYoung 2011), which likely contributed to the retention of levels of 
genetic diversity and counteracted any negative effects of genetic drift in the captive 
population.  
Although there were high levels of genetic similarity between captive and 
adjacent wild deer in Davis County, the pairwise FST = 0.026 was much higher than that 
based on deer found in adjacent populations of urban and rural deer in Iowa (FST = 
0.008–0.009; Gardner Almond, Chapter 4, this dissertation), and is higher than the 
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maximum FST = 0.022 between sites in Iowa separated by 295 km (Gardner Almond, 
Chapter 2, this dissertation). Lower genetic similarity than expected based on results in 
Iowa at local scales (adjacent urban and rural populations; Chapter 4) indicates some 
influence of outside genetic sources on the captive population that makes it less similar to 
wild deer in Davis County. 
Historical gene flow could explain the high levels of genetic similarity we found 
between captive and adjacent wild deer. Historical gene flow took place when native 
Iowa deer were incorporated into the facility and became part of a resident breeding 
population when a fence was constructed in 2005. In addition, deer were transferred from 
the Cerro Gordo breeding stock initially established with Minnesota deer. The 
reestablishment of Iowa’s white-tailed deer population was, in part, the result of 
accidental releases and deliberate translocations of Iowa farmed deer originating from 
Nebraska and Minnesota (Stone 2003). Therefore, since the breeding facility in Cerro 
Gordo County was established with stock from south central Minnesota, the breeding 
stock may have a priori shared genetic similarity with wild Iowa deer, some of whose 
genetic stock also originated in Minnesota (Stone 2003).  
Alternatively, there could have been contemporary gene flow between the captive 
facility and adjacent wild population if deer were able to jump fences or move through 
holes in fencing. Although possible, the PRHP was surrounded by a 2.4 m high fence and 
adequately maintained fencing should prevent the crossing of most, if not all, deer 
(Vercauteren et al. 2006, 2010, Webb et al. 2009). However, gates to the Cerro Gordo 
County breeding facility, which is owned by the same individuals, were left open at least 
once, and 20 deer from breeding stock were accidentally released into the wild (Brakke 
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vs. IDNR 2013). In general, accidental releases do occur at other captive facilities 
(Wisconsin Department of Natural Resources 2003). As a result, we cannot rule out the 
possibility that contemporary gene flow might have been responsible for the high levels 
of genetic similarity between captive and wild deer.  
Because the mechanism driving high levels of genetic similarity between captive 
and wild deer is unknown, we cannot make inferences about the PRHP as a possible 
source of CWD infection risk to wild deer in Davis County, Iowa.  
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Figure 5-1. Map the captive and adjacent wild populations where white-tailed deer 
(Odocoileus virginianus) tissues were collected from a Davis County, Iowa captive 
facility and surrounding wild white-tailed deer in Iowa from 2010–2012. Female and 
yearling male deer (n = 34) were collected during depopulation of a CWD-positive 
hunting preserve (Pine Ridge Hunting Preserve; black circle) in 2012. The 22 adult 
female hunter harvested deer in closest proximinty to the facility (from 1 to 6.7 km away) 
were sampled 2010—2012.  
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Figure 5-2. Negative log likelihoods of deer originating from the wild population or the 
captive facility for captive (black circles) and wild (open circles) white-tailed deer 
(Odocoileus virginianus) in Davis County, Iowa.  
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Figure 5-3. Results of cluster analysis assigning individuals from captive and wild deer 
samples collected in Davis County, Iowa from 2010—2012 to genetic clusters.  Plot of 
the average log likelihood of K = 1 to K = 5 modeled in STRUCTURE software 
(Pritchard et al. 2000, Falush et al. 2003) showing that the highest log likelihood occurred 
at K = 5 clusters (-2640.06). The second axis depicts the calculated ∆K value (Evanno et 
al. 2005) and indicates that the largest ∆K = 3.79 occurs at K = 2 clusters. 
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Figure 5-4. Plot of the q-intervals of captive and wild deer genotypes sampled in Davis 
County, Iowa from 2010—2012 which depicts the proportion of each individual’s 
genotype that was assigned to one of two genetic clusters using the program 
STRUCTURE (Pritchard et al. 2000, Falush et al. 2003). Each bar represents an 
individual (x-axis), with genotype proportion (y-axis) belonging in each of 2 clusters 
depicted by light or dark gray, respectively. 
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Table 5-1. Measures of genetic diversity (± standard error (SE)) for a Davis County, Iowa captive facility and 
surrounding wild white-tailed deer sampled in Iowa from 2010–2012. Number of individuals (n), number of 
females (nf) , and number of males (nm) for each sampling site are listed. We calculated observed (Hobs) and 
expected (Hexp) heterozygosity, and allelic richness (AR) for each site based on microsatellite genotypes. 
Sampling Site n nf nm Hobs (±SE) Hexp (±SE) AR (±SE) 
PRHP 34 30 4 0.851 ± 0.04 0.852 ± 0.01 9.4 ± 0.6 
Davis County 22 22 0 0.862 ± 0.03 0.851 ± 0.01 9.3 ± 0.5 
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Table 5-2. Results of hierarchical Analysis of Molecular Variances (AMOVAs) indicated that there was low but significant 
differentiation between captive and wild deer sampled in Davis County, Iowa from 2010–2012.  
Source Sum of Squares Variance % Variation F'ST FST p-value 
Captive versus Wild 9.632 0.107 0.107 0.209 0.026 0.001* 
Captive and Wild 432.680 3.933 3.933 
   Total 442.313 4.040 4.040       
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Table 5-3. Results of STRUCTURE runs assigning individuals to population clusters. 
The largest ∆K = 3.79 occurs at K = 2 clusters for deer genotypes sampled in the captive 
or wild populations in Davis County, Iowa from 2010—2012.  
K Repetitions Mean LnP(K) SD LnP(K) Ln'(K) Ln"(K) ∆K 
1 10 -2120.88 0.76 ---- ---- ---- 
2 10 -2134.89 14.41 -14.01 54.62 3.79 
3 10 -2203.52 96.79 -68.63 71.34 0.74 
4 10 -2343.49 197.39 -139.97 156.60 0.79 
5 10 -2640.06 340.67 -296.57 ---- ---- 
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CHAPTER 6. GENERAL CONCLUSIONS 
 
The study of genetic connectivity, or gene flow, in wildlife species is valuable to 
understanding the influence of social structure, movement patterns, and management 
actions on spatial genetic structure at broad and local scales. In abundant, highly vagile 
habitat generalist game species like the white-tailed deer (Odocoileus virginianus), 
understanding levels of population connectivity is important for development and 
evaluation of the impact of wildlife management strategies on populations at different 
spatial scales. In this dissertation, I used both microsatellites and mitochondrial DNA 
sequences to explore the roles of proximity, landscape, and population history on genetic 
connectivity of deer at local, statewide, and range-wide spatial scales. I found that social 
structure, landscape characteristics, and management history all impact spatial genetic 
structure of white-tailed deer populations at multiple scales despite their high vagility and 
habitat generalist nature. 
Ecological factors associated with the landscape can influence movement patterns 
and promote spatial genetic structure across broad scales in highly mobile, widely 
distributed species (Geffen et al. 2004, Sacks et al. 2004, Pease et al. 2009, Reding et al. 
2012). In turn, patterns of dispersal determine levels and spatial scales of population 
connectivity. In deer populations, dispersal may facilitate the spread of disease across 
large spatial scales (Kelly et al. 2010, 2014, Cullingham et al. 2011a, 2011b). 
Accordingly, landscape genetic methods can be used to measure levels of deer population 
structure at broad and fine scales in order to identify factors likely to affect disease 
transmission and spread. By examining the relationship between landscape composition 
and mtDNA and microsatellite genetic distances among 29 sites across Iowa, I found in 
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Chapter 2 that deer exhibit higher site fidelity in forested than other areas of the 
landscape. This site fidelity may contribute to higher densities and spatial overlap of deer 
that could promote local spread of directly-transmissible disease and increase the 
potential for development of disease foci in forested areas. As such, forests are important 
landscape factors influencing movement, distribution and abundance of deer on a 
statewide scale across Iowa. 
White-tailed deer share a history with many other large, mobile game species of 
near extirpation in the late 19
th
 Century followed by successful restoration of populations 
throughout their North American range by the mid-20
th
 Century (Laliberte and Ripple 
2004) via widespread interstate translocation efforts and natural restoration (McDonald 
and Miller 2004). This population history in which some areas have deer populations 
restored via translocation efforts, while others restored via natural recovery provides a 
unique opportunity to examine population genetic effects of one of the largest multi-state 
efforts ever undertaken by wildlife managers. In Chapter 3, I compared levels of mtDNA 
genetic diversity and the degree of genetic similarity between populations connected by 
translocation events with populations at similar spatial scales that naturally recovered 
across the North American range of deer. For areas restored by translocation, I found 
higher levels of some diversity measures and higher levels of genetic similarity than for 
areas that experienced natural recovery. This finding suggests a direct link between 
management efforts and genetic characteristics and spatial genetic structure of deer 
across range-wide scales. Future studies could compare spatial genetic structure of deer 
in nuclear with mtDNA markers in order to more thoroughly explore influences of 
ecological factors and recent demographic history on deer genetic structure and 
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connectivity on a range-wide basis. A second promising avenue for future research would 
be a comprehensive analysis incorporating individuals from eastern and western U.S. and 
eastern Canada that compares the role of historical biogeography with that of 
translocation efforts on current patterns of mtDNA phylogeography and spatial genetic 
structure of deer across their range. 
Understanding levels of population connectivity at local scales can aid in the 
development and implementation of successful wildlife management strategies for 
populations in specific ecological contexts. Using microsatellite markers, I examined the 
degree of genetic similarity between urban and adjacent rural deer populations in two 
areas of Iowa in Chapter 4. I found high levels of genetic similarity, suggesting that 
localized management to control densities of urban deer populations may be complicated 
by recolonization due to high rates of movement of deer from rural into urban areas. I 
used the same approach in Chapter 5 to explore levels of connectivity to understand 
potential for disease spread between a captive and adjacent wild deer population. I found 
high levels genetic similarity that could be attributed to numerous mechanisms, and 
therefore could not make any definitive inferences regarding the captive facility as a 
source of infection for wild deer.  
Collectively, my results suggest that, despite their high vagility and habitat 
generalist nature, social structure, landscape characteristics, and management history all 
impact genetic structure of white-tailed deer populations at multiple spatial scales. 
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